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ABSTRACT 

The suitability of reverse osmosis as an advanced wastewater 
treatment process was investigated in laboratory and pilot plant 
situations. The effectiveness of this technique for the removal of 
nutrients, bacteria, and various chemical constituents was examined. 
Laboratory test cells and eight tubular modules* were employed to treat 
nutrient solutions, various secondary effluents, nutrient spiked 
sewage and raw sewage. Cellulose acetate membranes with 751 and 90% salt 
rejection were employed. Optimum operating conditions for the pilot 
plant were determined and chemical cleaning techniques were applied to 
restore permeate flux levels. Flux was adversely affected by membrane 
fouling. However, results indicated high, yet stable, removals for most 
constituents. Although not yet economically competitive, in many cases, 
reverse osmosis is a potentially advantageous wastewater treatment 
technique. 
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RESUME 



Lors d'fitudes en laboratoire et en unite pilote, on a examine 
l'utilit£ de 1 'osmose inverse en guise de procede perfect ionn6 d'epuration 
des eaux usees. On a, entre autres, etudie 1'efficacite de cette methode 
pour extraire les matieres nutritives, les bactSries et diverses substances 
chimiques. Des cellules d'essai et huit modules tubulaires- ont servi en 
laboratoire pour traiter des solutions de matieres nutitives, de divers 
effluents de traitement secondaire et d'eaux d'egouts additionnees ou non 
de matieres nutritives. On a utilise des membranes d'acetate de cellulose 
pouvant rejeter entre 75 et 90 p. 100 de sels. On a determine les 
conditions optimales d 'exploi tat ion de 1 'unite' pilote et diverses techniques 
de nettoyage chimique ont servi a redonner aux membranes leur permeabilite 
initiate. Le colmatage reduit le debit; toutefois on a obtenu une 
extraction a la fois elev§e et stable de la plupart des const i tuants . 
Sans etre encore economiquement concurrent iel 1 e, 1 'osmose inverse peut 
constituer un choix avantageux dans de nombreux cas . 
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CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

I» The tubular design reverse osmosis system employed in this 
study is capable of effectively treating secondary municipal 
effluents. Nutrients can be rejected regardless of pre- 
treatment. Chemical additives conventionally used as phosphorus 
precipitating agents were also completely removed. 

2. Membrane removal efficiencies were generally high and constant 
and achieved the following levels: phosphorus and bacteria 
approached 100%; COD, TOC , total hardness, suspended solids 
and sulphate ions were greater than 901; TDS, TOC, CI" and 
ammonia averaged 85%; nitrate and nitrite were approximately 
56%. 

3. Permeate fluxes for the cellulose acetate membranes employed 
in these tubular modules varied between 0.4 and 0-7 m 3 /m 2, d 

(8 and 14 Imperial gallons/f t 2 /day) . Such permeability can be 
maintained by regular membrane cleaning. 
k. Permeate flux is more sensitive than rejection efficiency to 

fouling, operating conditions, and membrane cleaning. 

5. Membrane relaxation is an effective method of restoring permeate 
flux since most reduction in flow is a consequence of membrane 
compact ion. 

6. Permeate fluxes of new membranes initially decrease signifi- 
cantly. Although these original levels of performance cannot 
usually be completely recovered, consistently high fluxes may 
be maintained by appropriate physical and chemical cleaning 
techn iques. 

7- Membranes of lower rejection abilities have the greatest 

susceptibility to surface fouling. Employment of membranes 
capable of high selectivity reduces the tendency to foul and 
permits more reliable and consistent operation of the system. 

8. The reverse osmosis separation process is generally insensitive 
to solute feed concentrations. 
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9. Treatment of municipal wastewaters by reverse osmosis is more 
costly than are most conventional renovation techniques. The 
continued development of larger and more efficient reverse 
osmosis units, combined with the appropriate choice of module 
design, suggests that this technique may become economically 
viable in the foreseeable future. 

RECOMMENDATIONS 

1. The greatest operational impediment to the successful employ- 
ment of reverse osmosis in the treatment of municipal waste- 
waters is the tendency of the membranes to foul and compact, 
thereby causing irretrievable flux losses. (a) Membrane 
fouling must be properly characterized and the causes determined. 
(b) Membrane cleaning techniques should be fully evaluated/ 
optimized and new techniques developed. 

2. Pretreatment techniques specifically intended for implementation 
with the reverse osmosis process should be examined. 

3. Disposal and final treatment techniques for the concentrates 
from the reverse osmosis process should be developed. 



1 INTRODUCTION 

The application of reverse osmosis (RO) to the treatment of 
industrial and municipal wastewaters is one of the many diverse areas in 
which this separation technique is being actively studied and utilized 
today. The most extensive use of reverse osmosis technology has been in 
the desalination of brackish water and sea water. Food processing 
applications have been proven quite successful as has Its use in concen- 
trating industrial effluent streams either for reuse or final treatment 
before disposal. Finally, reverse osmosis is being evaluated for the 
treatment of municipal effluent as a tertiary, secondary, and even 
primary renovation technique. 

A detailed review entitled "Application of Reverse Osmosis to 
Industrial and Municipal Wastewaters" effectively summarized almost 800 
articles dealing with the use of RO in a variety of areas (Johnston and 
Lim, 197^)- The introductory sections of this literature review provide 
sufficient fundamental background information to permit an evaluation of 
the potential for employing RO in a specific application. Such topics 
as: the theories and mechanisms of reverse osmosis, membrane materials 
and fabrication techniques, physical and chemical limitations of the 
membranes, membrane cleaning techniques and an examination of the avail- 
able reverse osmosis module designs, are presented in a concise format. 
Although the initial acceptance of RO as a method of treating 
wastewaters was slow, recent practical and economic successes due to the 
development of higher capacity and more efficient modules have encouraged 
rapid development of RO for the waste control field. The ability to 
remove essentially all viruses and bacteria, as well as most inorganic 
and organic species in both dissolved and suspended form, suggests this 
technique may be ideally suited for such effluent treatment. However 
high capital and operational cost, the tendency of the membrane surfaces 
to foul, and their susceptibility to shock loadings, as well as the 
uncertain operational lifetime of the membranes under extreme usage, have 
all been initially cited as major difficulties to be overcome. Reliable 
data from pilot and full scale test units in this area are insufficient 



at present and numerous tests are underway. Preliminary results are 
encouraging and the incorporation of RO for a water reuse application, 
may represent an economical water supply alternative. 



2 OBJECTIVES 

The overall objective of this program was to assess the effect- 
iveness of reverse osmosis for the treatment of municipal waste treatment 
plant effluents. Emphasis was placed on the ability of RO to remove 
residual nutrients as well as the chemical additives (alum, lime, ferric 
chloride) presently employed to precipitate phosphates in municipal 
treatment facilities. Preliminary laboratory evaluations of the removal 
efficiencies for specific constituents were made using small scale static 
and dynamic test cells. This supported the pilot plant operation through 
the knowledge gained on the specific rejection ability for each constituent. 

The pilot plant operation was intended to optimize the perform- 
ance of the RO equipment when treating secondary effluent on a continuing 
basis. The same chemical constituents were used to assess the performance 
of RO in both the laboratory and pilot plant operations. The observed 
effects of operating variables on pilot plant performance enabled system 
optimization and an evaluation of the long term effectiveness of the 
treatment technique. The suitability of conventional membrane cleaning 
techniques was also examined. 



3 EXPERIMENTAL 

Reverse osmos i s membranes are usually composed either of a 
cellulose acetate or an aromatic polyamide material. Cellulose acetate 
films were employed in all phases of this study. The membranes evaluated 
in the laboratory program were prepared in the fabrication facilities at 
the Canada Centre for Inland Waters (CCIW) and those studied in the pilot 
plant were used as supplied in the commercially available modules 
(Westinghouse, 1973). Most membranes are conventionally defined in terms 
of their sodium chloride rejection ability. Membranes capable of 
rejecting 70%, 75% and 90% of this solute were routinely used in the 
course of these investigations. These were denoted as NaC 1 7 , NaC 1 1 s and 
NaClgo, respectively. 

Solute rejection ability during the R0 process is dependent, in 
part, upon polymer morphology and module design. Polymer density, 
crystal 1 inity and porosity are controlled by the temperature at which the 
membrane is shrunk (see 3.1.1 below). In a pilot scale situation, the 
choice of a particular module design effectively defines the obtainable 
surface turbulence for the given system. However, variable laboratory 
test conditions can effectively control surface turbulence. Thus, 
standardized test conditions were employed in all comparative studies. 

All chemical analyses required in the course of this program 
were carried out by the Department of the Environment, Water Quality 
Laboratory, Inland Waters Directorate (Ontario Region) according to 
techniques summarized by Traversy (1971) 1 or compatible with Standard 
Methods (APHA et al , 1971). 

3. 1 Laboratory Study 

3.1.1 Membrane preparation 

Membranes employed in the laboratory phase of this study were 
prepared from a cellulose acetate (Eastman, 1968). The composition of 
the casting solution in weight percent was: cellulose acetate, 17-0; 
acetone, 69.2; magnesium perchlorate, l.**5; and water, 12.35. The 
membrane preparation procedure is presented in Appendix A. All membranes 



were tested for salt rejection ability using standard 3500 mg/L NaCl 
solution at 172^ kPa (250 psi) and, 25°C (77°F) . Solute separation, S, 
was determined from the relationship - 

[mean solute concent- [solute concentration 
ration in feed (mg/L)] in permeate (mg/L)] 

S = X 100% 

mean solute concentration in feed (mg/L) 

and permeation rates were determined by direct weighings of the samples. 

3.1.2 Static test cell design 

The static test cell shown in Figure 1 was employed in the 
laboratory evaluation of R0 membrane behaviour. This is referred to as 
a "static" cell since the liquid contained in the sample reservoir would 
be considered to be non-motive on a macroscopic basis in the absence of 
the externally controlled stirring action. This contrasts to the 
"dynamic" test cell in which an inherent kinetic turbulence exists at 
the liquid membrane interface, due to the continuous circulation of fluid 
across the surface by means of an external high pressure pump. The 
design of the static cell is such that the critically controllable 
internal turbulence promoter permits a level of performance which equals 
or even exceeds that of most dynamic cells and modules. (See Appendix A 
for details of static cell design and an explanation for the letters in 
Figure 1.) 

The static cell was operated, with the magnetic stirring bar 
mounted 16 mm (1/16 of an inch) above the membrane surface, at a stirring 
speed of 1055 rpm. These conditions were employed for all tests carried 
out in these cells. 

3.1.3 Dynamic test cell design 

The dynamic test cells employed in the laboratory phase of this 
program were essentially equivalent to the static cells in function 
although necessarily different in design. Pressure was applied to the 
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dynamic cells by a high pressure pump (Moyno model 2RA6 20 equipped with 
a variable speed drive unit). The upper portion of the static cell was 
replaced by a small volume cap fitted with an inlet in the centre 
immediately above the membrane and an outlet to the side of the cap 
(Figure 2). Fluid was pumped through six of these cells which could be 
connected in either series or parallel configurations. The sample that 
was not permeated through the membranes was rejected through the outlet 
port to a reservoir from which it was recirculated through the system 
under an applied pressure of 1724 kPa (250 psi). Surface turbulence was 
controlled by the flow pattern of the cells and by the rate at which 
samples were pumped through them. Operating flow rate into each cell 
was approximately 50 mL/minute. Figure 3 shows three pairs of dynamic 
cells connected in series. 




FIG.2 REVERSE OSMOSIS DYNAMIC TEST CELL 



OD 




FIG. 3 THREE PAIRS OF DYNAMIC CELLS IN SERIES 



3.1.4 Membrane foul i ng 

The tendency of reverse osmosis membranes to foul at the 
polymer-solution interface is one of the major difficulties to be over- 
come before this separation technique will become feasible for the 
treatment of municipal or industrial effluents where reasonably high 
organic and solids contents are present. In order to assess the 
performance of RO under extreme situations, attempts were made to 
intentionally foul the membranes under controlled laboratory conditions. 

Static tests . Extensive concentration of three types of 
solution was performed in the static test cells. A saturated aqueous 
CaSO., solution was employed to evaluate the fouling tendency of cellulose 
acetate under a constant net driving force (i.e., P applied - P osmotic 
is constant for a saturated solution) in the absence of organic species. 
Two-hundred and twenty millilitres of feed were employed and permeation 
was continued under standard test conditions at 1 724 kPa (250 ps i ) for 
six and one-half hours using a NaCl 90 membrane. CaSd, concentrations in 
feed and permeate were determined from their solution conductivities. 
Membrane fouling by both raw sewage and secondary effluent was also 
evaluated under identical experimental conditions. Raw sewage was 
obtained from the Burlington Skyway Sewage Treatment Plant (BSTP) and 
secondary effluent from the extended aeration pilot plant at the Waste- 
water Technology Centre (WTC) of the Environmental Protection Service 
(EPS), Burlington, Ontario. Permeation times were three hours for the 
secondary effluent and three and one-half hours for the raw sewage. 

Dynamic tests . Fouling tests were performed with six dynamic 
cells connected in parallel. The membranes employed were type NaCl 7t) and 
NaCUo. Initial feeds of four litres of either raw or secondary effluent 
were obtained from the aforementioned sources and were recycled through 
the system at 1724 kPa (250 psi) and a flow rate of 500 mL/min/cel I . 
Permeations continued for approximately three hours, during which time 
the effluent was concentrated by a factor of two. 



3.1.5 Removal of precipi tant- inducing chemicals 

Nutrient removal in most effluent treatment programs is 
generally carried out by chemical addition of one (or more) of iron 
chloride, alum, lime or polymer. Tests were performed in the static 
cells to evaluate RO's removal efficiency of ferrous chloride, ferric 
chloride, alum, lime, Swift cationic polymer X-110 and Calgon anionic 
polymer #2425 at concentrations varying between 1 and 100 mg/L for the 
individual solute in aqueous systems. Concentrations of iron, aluminum, 
and calcium were determined by atomic absorption measurements. Polymer 
concentrations were determined from their viscosities in water which 
were measured in a Cannon Ubbelohde dilution viscometer with a viscometer 
constant of 0.0019'*'+ cent i stokes/second. Viscometer flow times were of 
the order of seven to nine minutes. 

3.1.6 Nitrogen and phosphorus removal 

An area of concerted study in the renovation of municipal 
wastewaters has been the removal of phosphorus and nitrogen-containing 
compounds. A total of six different phosphorus-containing sodium salts 
and four different nitrogen-containing salts (in both the cation and 
anion) were used to study their rejection abilities by R0. Tests were 
carried out in the static test cells and the solute removals were 
determined individually, in a series of P salts, in a series of N salts, 
and in a series of all P and N salts together. Cellulose acetate 
membranes of type NaCl 70 , NaCl 75 and NaCl 90 were employed. 

3.2 Pilot Plant Study 

3.2.1 Pilot plant concept and function 

A reverse osmosis pilot plant was installed in a 5.5 x 2.k m 
(18 x 8 ft) trailer to facilitate on-site municipal and industrial 
wastewater treatment in diverse locations. The mobile pilot plant was 
essentially a self-contained unit with facilities for treating and 
testing various waters and wastewaters. Preliminary evaluations of such 
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parameters as pH and conductivity could be carried out on site, but most 
analyses were completed in a separate laboratory. Automatic water 
samplers continuously collected composite samples for the comprehensive 
laboratory analyses of various constituents. Connections for electric 
power, water, wastewater influent and propane gas were all that was 
required to operate the unit at any location. The pilot plant could 
function as either a once-through or a recycle system producing 4.54 m 3 /d 
(1000 Igpd) of pure water permeate from a waste influent of from 
13.6 to 50 m 3 /d (3000 to 11000 Igpd). Permeate capacity could be in- 
creased by employing additional R0 modules or decreased by by-passing 
some modules. The mobile unit required minimum supervision and was 
capable of being operated on a 24-hour per day basis. For normal 
operation under a given set of conditions, the only attentions required 
were to record the flow rates, to backwash the filter every eight to 
twelve hours, and to change the cartridge filter media, if necessary. 
The recording and backwash ing could have been automated. 

In the present study the unit was on-site at the Wastewater 
Technology Centre (Figure 4). Raw sewage at 1.5 L/s (20 Igpm) from the 
Burlington Skyway Sewage Treatment Plant was treated in an extended 
aeration plant at the WTC. The overflow from the clarifier flowed into 
a 227- litre (50-gallon) tank from where the secondary sewage was pumped 
into the trailer without chlorination at about 0.4 L/s (5 Igpm). During 
the April to May period, the extended aeration plant was operated without 
adding chemical (baseline operation) and during the June to July period, 
alum addition at 133 mg/L was carried out. Thus, the R0 unit operated 
using two types of secondary effluent. In addition, during the last two 
weeks of July, secondary effluent from the BSTP (an activated sludge 
process) was transported to the trailer for testing. 
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FIG. 4 MOBILE REVERSE OSMOSIS PILOT PLANT 

3.2.2 Pilot plant equipment and design 

Owing to the small size of the available trailer, the equipment 
size and arrangement was an important factor in the plant design. The 
layout of the major equipment units in the trailer is shown in Figure 5 
and the flow diagram of the pilot plant is in Figure 6. The pilot plant 
consisted of four major units, namely the pretreatment unit (Figure 7), 
the boiler and permeate tank (Figure 8), the product tank and water 
samplers (Figures 8 and 9), and the reverse osmosis system (Figure 9). 
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A detailed list of all equipment, the suppliers, identifications, 
functions and specifications are summarized in Tables B-l and B-2, 
Appendix B. A detailed description of the design and operation of the 
four major units is also presented in Appendix B. All the plumbing 
materials used for effluents were of PVC, polyethylene or stainless steel 
except for the filter pump, heat exchanger tubes and solenoid valves 
which were of brass or bronze. Seventy-five micron disposal filter media 
were used in the cartridge filters. Two ISCO, Model 1391 water samplers 
continuously collected composite samples with a sampling interval of 
30 minutes. 

3.2.3 Pilot plant operation 

The pilot plant commenced processing secondary effluent on 
April 3, 197^. It usually operated for a period of about 22 hours a day. 
The system was then flushed for 15 to 30 minutes with tap water at a flow 
rate of 0.6 L/s (8 Igpm) under a reduced pressure of 379 kPa (200 psi). 
Complete shut-down for one hour followed. This flushing and relaxation 
sequence was required on a daily basis to enable the membranes to recover 
and maintain reasonably high permeation rates. 

Cellulose acetate membranes must be maintained wet or else they 
suffer permanent and irreversible damage. Thus, tap water was constantly 
circulated through the modules when the system was shut down. The 
turbulent action of the water also helped to prevent the growth of 
bacteria on the membrane surfaces. Such bacteria could attack the cell- 
ulosic polymer as well as foul the membrane. 

Standard sodium chloride rejection tests were carried out 
regularly to monitor performance levels of each module. Such tests in- 
dicated when it was necessary to clean the membranes. This checking 
procedure is presented later in this section under "Salt Rejection Test 
Procedure". 

Despite daily maintenance of a membrane, permeate flux tends 
to decline due to fouling on the membrane surface. Thus, the R0 membrane 
modules were periodically cleaned. The frequency of cleaning depended on 
the degree of fouling, but one cleaning every one or two weeks was common. 
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An introduction to the reverse osmosis membrane cleaning techniques 
generally practised was presented by Johnston and Urn (197A). The 
methods adopted in the present study are described later in this 
section under "Cleaning Procedures". 

Operating Conditions . The efficiency of the RO process was 
strongly dependent on operating conditions. In an attempt to achieve 
maximum selectivity and permeability, both long and short term, the 
effects of temperature, flow rate, pressure and concentration were 
examined. These investigations were carried out in a search for ultimate 
module performance and were not defined in terms of power consumption, 
chemicals required, or "down time" which necessarily influenced the 
economics of the process. No attempt was made in this program to 
determine potential costs for the treatment of municipal wastewaters by 
reverse osmosis. However, preliminary costs for the present research- 
oriented pilot plant have been estimated and are presented later in 
this report. 

The effects of operating conditions on RO performance in terms 
of solute rejection ability and permeate flux were evaluated on a daily 
basis throughout the course of this program. Sufficient samples were 
collected each day to quantitatively define membrane performance 
characteristics. Studies were often continued until permeate flux 
dropped to unacceptably low levels. This enabled an evaluation of the 
membrane separation process under extremes in operating conditions and 
clearly indicated some of the strengths and weaknesses of the RO 
technique. The pilot plant study permitted an examination of the 
conditions necessary to ensure maximum permeation rate through reduced 
membrane foul ing. 

Since permeate flux varied with operating time and conditions, 
it was difficult to reproduce given flux levels. It was thus impractical 
to try to establish, for a given membrane condition, one-to-one corres- 
pondencies between flux rate and any of the controlling variables (e.g., 
temperature, feed rate, etc.). However, the reduction in flux rate with 
time was slow, thereby enabling short term effects to be established with 
some consistency and certainty. For example, the dependency of flux on a 
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given variable could be evaluated in short increments for a brief period 
of time. The variable parameter was increased until steady state flux 
conditions were achieved. It was then correspondingly decreased in a 
parallel set of experiments, thereby enabling its overall effects to be 
judged. In this manner, the effects of temperature, feed flow rate, and 
operating pressure on the flux rate were evaluated in the pilot plant 
study. 

Salt Rejection Test Procedure . A 2000 mg/L sodium chloride 
solution using tap water was circulated through the R0 system which 
operated at 2068 kPa (300 ps t ) upstream pressure, 0-3 L/s (*» Igpm) feed 
flow rate and 27°C (80°F). In the start-up procedure, a small portion 
of the concentrate was wasted to purge the modules before being recircu- 
lated back with the permeate into the mixing tank. After approximately 
20 minutes of recirculation, the permeate fluxes of each of the eight 
modules were measured and samples were collected for conductivity 
measurements of the salt concentrations. An average of three feed 
samples were used to calculate the percentage rejections. 

Cleaning Procedures . Tap water flushing of the system at low 
pressure and high flow rate was a daily routine to keep the membranes 
clean. In addition, three chemical cleaning methods were tried: 

1. Enzyme Cleaning : A Tergazyme solution (a product of 
Alconox, Inc., New York) at a concentration of about 
250 mg/L was recirculated through the system for 

15 minutes, following which it was shut down for 
one hour. After this soaking period, tap water was 
passed through the modules to remove the cleaning 
solution and the loose foulants. 

2. Acid Cleaning : Both citric acid (about 0.5% to 1.0%) 
and hydrochloric acid solutions (pH = 3) were employed 
as cleaning agents. The acid solutions were vigorously 
circulated through the system for 10 to 15 minutes, 
followed by tap water. 
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3. Sodium Hypochlorite Sterilization : A solution of about 
10 mg/L NaOCl was circulated through the system for 
about 30 minutes followed by tap water. 

The most frequently used technique in the present study was 
enzyme cleaning. Sometimes combined cleaning techniques were employed, 
and the NaOCl wash may have been followed by either an enzyme or an acid 
solution. 
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h RESULTS AND DISCUSSION 

h. I Laboratory Results and Discussion 

The cellulose acetate membranes employed in this phase of the 
program were prepared in a reproducible manner and exhibited behaviour 
that was consistent with commercially available membranes composed of 
the same polymeric material. Observed membrane select i vi t ies were 
essentially equivalent when tests were performed in either the static or 
dynamic test eel Is. 

4.1.1 Membrane foul ing 

The physical and chemical nature of the fluid as well as the 
design of the test cell or module necessarily influence the rate and 
extent of membrane fouling during the RO process. 

Static Tests. Surface fouling was minimized in the static 
test cell because of the ability to artificially induce surface agitation 
by the externally controllable mechanical stirring device. The removal 
of water from the saturated CaSO^ solution (Figure 10) clearly illus- 
trated the effect that efficient turbulence promotion at the membrane- 
solution interface can have on membrane performance. Only after 145 mL 
of pure water (five hours permeation time) had been removed from the 
original saturated feed solution did the efficiency of the RO system 
start to decline. The final concentrate, after six and one-half hours, 
consisted of 35 mL of a mixture of CaSO^ solid crystals suspended in a 
saturated solution. The observed removal efficiency of this system with 
such a concentrated mixture was only 1.25% less than for the initial 
solution. Despite the presence of excessive quantities of suspended 
solids in the feed, the solute removal efficiency by the RO process was 
maintained relatively constant through appropriate turbulence promotion. 
The reduced flux and separation ability after five hours does not 
necessarily indicate a reduction in the efficiency of the membrane 
separation process, but is more likely a consequence of the reduced 
stirring speed or Reynolds number in the cell due to the large quantities 
of CaSOit salt crystals which were present (Johnston, 197*+) ■ 
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FIG. 10 CONCENTRATION OF SATURATED CaS0 4 SOLUTION IN 
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Samples of raw and secondary sewage were also concentrated in 
the static cell. Membrane performance was evaluated by monitoring the 
feed and permeate levels of NH 3 , NO3, NO2 (all as N) , dissolved inorganic 
phosphorus (DIP) and total phosphorus (TP) (both as P) . Results are 
summarized in Tables 1 to 3 for the NaCl 70 and NaCl 90 membranes. Because 
of reduced membrane permeability with increased solute separation, the 
NaCl7 film was examined more extensively since it was possible to more 
readily collect sufficient samples for all of the desired analyses. 
Permeations were continued for three or three and one-half hours and the 
220 mL initial feed solutions were concentrated to between 30 and k2 ml. 
The nature of these experiments was such that a continuous increase in 
the concentrations of the various solutes occurred within the static 
cell as permeations continued. Solute concentrations were experimentally 
measured in the initial solution as well as in the final residual con- 
centrate. The feed solutions intermediate between these extremes were 
determined by assuming that the rate of change in solute concentration 
was linear with time, thereby enabling an extrapolated mean feed to be 
calculated over any given period. These feeds were so determined for 
each permeate sample collected. 

The rejection abilities of the NaCl7o membranes were excellent 
for most of the species examined. The removals of phosphorus (either DIP 
or TP) approached 100%, while ammonia removals were in excess of 901. 
Only the selective rejection of N0 3 and N0 2 could be considered of 
marginal acceptability, being between 55% and 65%. The NaClgo membrane 
would be expected to always exceed these levels of performance. 

The variabilities in solute rejection with feed concentration 
are clearly summarized in Tables 1 to 3, but the rationale behind the 
observed tendencies is more difficult to explain. The general, but very 
slight, increase in rejection ability at higher feed concentrations (NH 3 , 
TP, DIP) and as the permeations continue, is not without precedence in 
the concentration of whey (Johnston and Lim, 1 97 ^ ) » but the reasons for 
this behaviour have not been substantiated. It is possible that as the 
feed concentration increases, a secondary layer of adsorbed solids and 
organics is formed at the membrane-solution interface. Partial 



24 



U1 



TABLE 


1. FOULING STUDY: Na 


Cl 70 MEMBRANE WITH SECONDARY SEWAGE 




















T i me 


Sample 


Type 


NH 3 (N) 


NO 3 


+ NO2 (N) 


DIP (P) 


TP (P) 


T0C 


TIC 


Permeate 

Flux 
mL/h-cm 2 * 




No. 


Feed 


Perm. 


% Rej. 


Feed 


Perm. 


% Rej. 


Feed 


Perm. 


% Rej. 


Feed 


Perm. 


% Rej. 





249 


F 


0.035 






14.4 






0.50 






0.800 






7-0 


21 


4.36 


30 


250 


PI 


0.0388 


<C-.005 


>87.1 


15.7 


6.6 


58.0 


0.489 


O.O83 


83.0 


0.813 


0.093 


88.6 






4.58 


60 


251 


P2 


0.0463 


<0.005 


>89. 1 


18. 3 


7.0 


61.7 


0.468 


0.041 


91.2 


O.838 


0,041 


95.1 






4.63 


90 


252 


P3 


0.0538 


<0.005 


>90.7 


20.9 


8.2 


60.8 


0.446 


0.015 


96.6 


0.863 


0.017 


98.0 






4.44 


120 


253 


P4 


0.0613 


< 0.005 


>91.0 


23.5 


8.0 


66.0 


0.424 


0.007 


98.3 


0.888 


0.008 


99-1 






4.36 


150 


25^ 


P5 


0.0688 


<0.005 


>92.7 


26.1 


9.7 


62.8 


0.403 


0.005 


98.8 


0.913 


0.009 


99.0 






4. 10 


180 


255 
256 


P6 
C 


0.0763 
0.080 


<0.005 


>93.4 


28.7 

30.0 


12.0 


58.2 


O.381 
0.37 


0.005 


98.7 


0.938 
0.950 


0.006 


99.4 


































(volume of cone. = 42 mL) 







249 


F 


0.035 






14.4 






0.50 






0.800 










30 


257 


PI 


0.0404 


<0.005 


>87-6 


15.9 


6.9 


56.6 


0.538 


0.010 


98.1 


0.842 


0.010 


98.8 






4.15 


60 


258 


P2 


0.0512 


<0.005 


>90.2 


18.8 


7-3 


61.2 


0.615 


0.010 


98.4 


0.925 


0.010 


98.9 






4.11 


90 


259 


P3 


0.0621 


<0.005 


>9K9 


21.7 


8.2 


62.2 


0.692 


0.005 


99-3 


1.008 


0.005 


99.5 






4.05 


120 


260 


P4 


0.0729 






24.7 






0.768 


0.003 


99-6 


1.091 


0.003 


99.6 






4.04 


150 


261 


P5 


0.0837 


<0.0Q5 


>94.0 


27.6 


10.2 


63-0 


0.845 


0.002 


99.8 


1.175 


0.008 


99.3 






4.04 


180 


262 
263 


P6 
C 


0.0946 
0. 100 


<0.005 


>94.7 


30.5 
32.0 






0.922 
0.96 


0.002 


99.8 


1.258 
1.30 


0.007 


99.4 






3.91 



■■ Membrane 
Ffeed : 
Cell : 


area = 13-3 cm . 

Secondary Sewage from CCIW Pilot Plant 

Static. 


Membrane: 
Pressure: 

Temp : 


NaCl 70 . 

1724 kPa (250 psi). 
Initial - I7-5°C (64°F). 
Final - 24°C (75°F). 



Note - All concentrations in mg/L. 

See Nomenclature for all symbols. 
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TABLE 2. FOULING STUDY: Na 


:i 70 MEMBRANE WITH RAW SEWAGE 






















T ime 


Sample 
No. 


Type 


NH 3 (N) 


N0 3 


+ N0 2 (N) 


DIP (P) 


TP (P) 




TOC 


TIC 


Permeate 
Flux 

mi /h-cm 2; ' : 


Feed 


Perm. 


% Rej. 


Feed 


Perm. 


1 Rej. 


Feed 


Perm. 


% Rej. 


Feed 


Perm. 


t Rej. 





264 


F 


14.4 






1.1 






3.2 






3.60 






51.00 


44.0 




30 


265 


P! 


16.8 


1.9 


88.7 


1.05 


0.85 


19.05 


3-37 


0.055 


98.4 


5-27 


0.059 


98.9 






3.94 


60 


266 


P2 


21.6 


1.9 


91 2 


1.05 


0.85 


19-05 


3.69 


0.060 


98.4 


8.61 


0.062 


99-3 






4.00 


90 


267 


P3 


26.4 


2.2 


91.7 


1.05 


0.95 


9.52 


4.02 


0.059 


98.5 


n.95 


0.059 


99.5 






4. 12 


120 


268 


P4 


31.2 


2-5 


92.0 


1-05 


0.90 


14.29 


4.35 


0.054 


98.8 


15.29 


0.057 


99-6 






3.82 


150 


269 


P5 


36.0 


3-0 


91-7 


1.05 


1.00 


4.76 


4.68 


0.051 


99.9 


!8.63 


0.052 


99.7 






3.92 


180 


270 


P6 


40. 8 


4.2 


89.7 


1.05 


1.2 




5.01 


0.049 


99-0 


21.97 


0.050 


99.8 






3.75 


210 


271 


P7 


45.6 






.1.05 






5-34 


0.043 


99.2 


25-31 


0.044 


99.8 






3.39 


. — 


272 


C 


48.0 






1.0 






5.5 






27.0 








, 1 



Membrane area = 13-3 cm 



Raw Sewage from Burlington Skyway Sewage Treatment Plant. 

Stat ic. 

NaCl 7 . 

1724 kPa (250 psl). 



Feed : 
Cell : 
Membrane : 
Pressure : 

Temp: Initial - 25°C (77"F) 
Final - 25 C (77°F) 



Note - All concentrations in mg/L. 

See Nomenclature for all symbols. 



TABLE 3. FOULING STUDY: MaClto MEMBRANE WITH RAW SEWAGE 



r-o 



Samp le 


T ime 
( m i n ) 


Samp 1 e 
No. 


Type 


NH 3 (N) 


NQ 3 


+ N0 2 1 


N) 


DIP (as P) 


TP (as P) 


TOC 


TIC 


Permeate 


Feed 


Perm. 


% Rej . 


Feed 


Perm. 


1 Rej . 


Feed 


Perm. 


1 Rej . 


Feed 


Perm. 


% Rej. 


Flux 
mL/h-cm •■ 







155 


F 


12.8 


















4.0 






63 


57 






30 


































1.69 




60 


157 


PI 




















4.43 


0.006 


99-86 






1 


72 




90 


































1 


71 




120 


































1 


86 




150 


153 


P2 




















5-28 


0.008 


99.85 






1 


9* 


1 


180 


































1 


90 




210 


































1 


85 




240 


159 


P3 




















6,13 


0.005 


99.92 






1 


90 




270 


































1 


87 




300 


































1 


93 




330 


160 


P4 




















6.98 


0.002 


99.97 






1 


82 




360 


































1 


81 






156 


C 


17.0 


















7.4 

















161 


F 


31.5 






0.015 






2.4 






4.6 






20 


40 




1 I 


120 


163 


P| 


51.25 


2.0 


96. 10 


0.0325 


0.01 


69.23 










0.010 


99.78 






2.04 




240 


164 


P2 


90.75 


2.5 


97.25 


0.0675 


0.01 


85.19 










0.012 


99.7^ 






1.99 




330 


165 


P3 




13-0 


90.00 


0. 1025 


0.01 


90.24 










3.^5 


99.9^ 






1.82 






162 


C 


150 






0. 12 
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Sample I was from the Burlington Skyway Sewage Treatment Plant. 
Sample II was from the Hamilton Sewage Treatment Plant. 
Membrane area = 13-3 cm 2 . 



Feed: Raw Sewage--. 

Cel 1 : Static. 

Membrane: NaClgo. 

Pressure: 1724 kPa (250 ps i ) . 

Temp: 25°C (77°F). 



Note - All concentrations in mg/L. 
See Nomenclature for all 
symbol s . 



absorption of the solute species could possibly occur at this interface, 
thereby reducing the effective solute concentration experienced by the 
RO membrane and consequently facilitating higher rejections. However, 
on the basis of the overall results obtained for raw and secondary 
effluent, it is more appropriate to consider the above mentioned solute 
rejections to be essentially constant and reasonably independent of feed 
concentration over the concentration regions examined. 

The RO treatment of raw sewage indicates rejection abilities 
for DIP and TP that are essentially equivalent to those observed for 
secondary effluent. Ammonia removals are slightly, but not significantly, 
lower for the treatment of the raw sewage. Nitrate and nitrite removals 
from raw sewage are considerably less efficient. They exhibit an 
apparent decrease in rejection with increase in feed concentration - the 
inverse of that observed for all other separations in this phase of the 
study. 

Dynamic Tests . The membrane select ivi t ies exhibited by the 
dynamic cells during the continuous concentration of raw and secondary 
effluents were generally similar to those obtained with the static system 
although some of the rejection levels were not as high because of 
differences in the cell design (Table k) . In the dynamic cells, 
dissolved inorganic phosphorus removal approached 100% in all cases. 
Total phosphorus was rejected to greater extents as membrane density 
increased (porosity decreased) and as the feed concentration of the TP 
increased (from secondary to raw sewage); selectivity ranged from 86% for 
NaCl 7 Q permeation of secondary effluents to 100% for NaCl 90 permeation 
of raw effluents. Total phosphorus removal was generally less than in 
the static cells. Nitrate and nitrite removals from secondary effluent 
were also slightly below those of the static cells, but were generally 
consistent. The NaClgo membrane was found to be capable of rejecting 
approximately 25% more of the NO3 and NO2 constituents than was the 
NaCl7o membrane. Nitrate removals from raw sewage by the dynamic cells 
were consistent with its removal from secondary sewage. This suggests 
that the results previously noted for the static cells were anomalous. 
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TABLE 4. TREATMENT OF SECONDARY AND RAW SEWAGE IN DYNAMIC CELLS 






Sample 


Sample 
No. 


Type 




NHi (N) 




NO 


+ NO.' 


m 


DIP (P) 


IP 


TOC 


TIC 


TDS 


DFS 


Feed 


Perm. 


■ Rej. 


Feed 


Perm. 


> Rej. 


Feed 


Perm. 


Rej. 


Feed 


Perm. 


i, Rej . 


Feed 


Perm. 


. Rej . 


Feed 


Perm. 


' Re j . 


Feed 


Perm. 


■ Rej. 


Feed 


Perm. 


1 Rej. 


Secondary 


275 


F 


0.04 






13.0 






0.04 






0.05 






4.0 






25.0 




















277 


P70 


0.04 


0.030 


28.6 


13-3 


6.0 


54.9 


0.03 


• 0.001 


96.6 


0.05 


0.007 


35.1 


3.7 


1 .0 


/3.0 


26.0 


1 .0 


96. 2 
















2 78 


rgo 


0.0*1 


0.025 


43.2 


13-6 


2.3 


79.4 


0.02 


• 0.001 


95.7 


0.04 


0.004 


90.7 


3.3 


2.0 


39.4 


26.0 


tUi 


■96.2 
















2 76 


C 


0.04 






13.8 






0.02 






0.04 






3.0 






27.0 


















Secondary 


279 


F 


0.0") 






12.3 






0.03 






0.05 


















815 






689 








231 


P?o 


O.03 


0.025 


\%k 


14.6 


8.5 


41.8 


0.02 


■0.001 


"95.2 


0.04 


0.007 


82.1 














TO 1 7 


179 


82.4 


879 


152 


62.7 




282 


P90 


0.03 


0.035 




16.9 


4.0 


?3.6 


0.01 


■0.001 


91.7 


0.C3 


0.005 


81.5 














1219 


67.5 


94.5 


1069 


51 


95-2 




260 


C 


0.02 






19.3 






0.00 






0.02 


















1420 






1260 






Raw 


283 
285 


F 

P70 


5.0 

M 


2.8 


56.3 


5.5 

4.9 


2.3 


53. 1 


2.4 
2.4 


0.002 


99.9 


2.6 






22.0 












681 






589 








286 


P90 


7.9 


2.0 


74.4 


4.4 


1.0 


77.3 








2.6 


0.003 


99.9 


20.0 


6.0 


70.0 








1 190 






992 








284 


c 


9.3 






3.3 


















19.0 

























Peed: Secondary (CCIW) and Raw (Burlington Skyway) Sewage. 

Ce I I ; Dynamic . 

ilernbrane: KaCt?g and NaCl 5D . 

Pressure: 1 72k kPd {250 ps i ) . 

Temp; ZA (77°F) # 



Mole - AM concent rat ions in mg/L. 

See Nomenclature fur all symbols. 



Ammonia removals were lower In the dynamic cells, but the experimental 
results were generally inconsistent and no conclusions could be drawn. 
Because of the inevitable, and often inconsistent, time lag between 
sample collection and analysts, the results obtained for ammonia must 
be viewed with some caution. The removal of total inorganic carbon (TIC) 
by the dynamic cells was excellent (>96%) for all membranes and all feed 
solutions. Total organic carbon (TOC) could not be measured as 
accurately for the secondary effluent because of the low levels present, 
but removals from raw sewage were >70% for the NaCl 90 membranes in the 
dynamic cells. The total dissolved solids (TDS) and dissolved filtered 
solids (DFS) removals were approximately equal and the NaCl 90 removed 
about 12% more than did the NaCl 70 membrane. 

In all fouling studies in both the static and dynamic test 
cells, solute rejection ability was not appreciably affected by the 
solute concentration in the feed solution. Only in very extreme cases 
did the presence of an unusually high solids content affect rejection 
abilities. When actual sewage was tested, adsorbed organ ics and 
suspended solids at the membrane-solution interface appeared to exert no 
detrimental effect on membrane selectivity. Permeate flux was adversely 
affected by these deposits, but the magnitude of this effect could be 
minimized by efficient surface turbulence through proper cell design. 

4.1.2 Removal of preci pi tant- i nducing chemicals 

Reverse osmosis was found to be very effective in rejecting the 
various additives commonly used to reduce phosphorus levels In municipal 
effluents. Cellulose acetate membranes capable of rejecting 30%, 61%, 
71% and 92% NaCl under standard test conditions were employed in the 
static cells to evaluate the selectivity of the RO technique for iron 
chloride, alum, lime, anionic polymer, and cationic polymer. Results are 
summarized in Table 5. In all cases examined, membranes exhibited greater 
selectivity for the various precipi tant- inducing chemicals than for NaCl. 
The most permeable film, which rejected only 30% NaCl, consistently 
rejected more than 85% of the aforementioned chemical additives. 
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TABLE 5. REMOVAL 


OF CHEMICAL ADDITIVES 












Chemical 
Add 1 1 i ve 


MEMBRANE 


NaCI 92 


NaCl 7 i 


NaC1 61 


NaCI 30 


% Rej. 


Flux 
92 

(mL/hr- 
cm 2 ) 


% Rej. 


Flux 

71 
(mL/hr- 
cm 2 ) 


% Rej. 


Flux 
61 
(mL/hr- 

cm 2 ) 


% Rej. 


Flux 
30 
(mL/hr- 
cm 2 ) 


110 

Cationic Polymer 
1 mg/L 
10 mg/L 


89.2 
95-9 


2.07 
2.08 


82.5 
97.5 


5.53 
5.59 


94.3 
96.7 


6.08 

6.01 


87.3 
97.7 


12.4 
12.4 


2425 Polymer 
Calgon Anionic 
1 mg/L 
10 mg/L 


>90 
99 


2.05 
2.11 


90 
>99 


5.74 
5.62 


99-5 
98 


6.02 
6.08 


99.5 
>99 


12.5 
12.2 


1 mg/L 
10 mg/L 
100 mg/L 


>90.9 
>99-0 
>99-9 


2.08 
2.05 
2.00 


>90.9 
63-5 
96.6 


6.20 
6. 10 
6.17 


>90 
94.6 
93-3 


5-91 
6.24 
6.07 


>88.9 
77.3 
66.3 


13.4 
13-3 
12.5 


FeCl 2 
10 mg/L 


98.0 




83.0 




75.5 




53.5 




FeCl 3 
1 mg/L 
10 mg/L 
100 mg/L 


99-0 
98.5 
99.6 


2.06 
2.07 
2.02 


89.6 
97.7 
95.4 


5.90 
4.87 
5-66 


87.0 
97.1 
97-2 


6.12 
6.37 
6.01 


91-7 
84.0 
86.4 


12.6 
13.8 
12.5 


CaO 
1 mg/L 
10 mg/L 
100 mg/L 


>83 
94.4 
98.9 


2.08 
2.05 
2.14 


>85. 7 

90.7 
88.5 


5.43 
5.41 
5.38 


>85-7 
85.2 
76.3 


5-97 
5-93 
6.52 


>85.7 
72.2 
34.1 


12.0 
11.9 
12.2 



Cellulose acetate membranes are capable of operating effeciently 
over extended periods if the solutions being treated are within the pH 
range of 3-5 to 8.0. Of the additives studied, only lime interacted un- 
favourably with the membrane surface. As the CaO concentration was 
increased from 1 to 100 mg/L, the pH increased from 10 to 11, thereby, 
causing an irreversible hydrolysis of the ester groups on the polymer film. 
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This resulted in a decrease in membrane selectivity which became more 
pronounced as the solutions further exceeded the recommended pH operating 
conditions. As Table 5 indicates, the more porous membranes were more 
susceptible to hydrolysis and thereby experienced a greater reduction in 
selectivity. At the conclusion of the last test with 100 mg/L lime, the 
NaCl rejection limits were determined to be 88%, 63%, ^5% and 22%; these 
were considerably below the levels (92%, 71%, 61% and 30%) determined at 
the start of the test on the removal efficiency of CaO. The observed 
change in membrane performance was found to be irreversible. Unless the 
high lime phosphorus removal process is employed, treated municipal 
effluent pH would not normally exceed 10. Thus, R0 would be an effective 
method of removing the various chemicals currently employed in municipal 
phosphorus removal programs. 

A low NaCl rejecting membrane (e.g., NaCl 30 ) is obviously cap- 
able of effectively removing most of the additives used for phosphorus 
removal and has the additional advantage that it can do so with a sub- 
stantial increase in permeate flux. However, such membranes are unable 
to effectively remove many of the other constituents which should be 
removed from the effluent. Porous membranes also have a much greater 
tendency to foul in the presence of certain organics and suspended solids. 
Thus, in an overall application, it is more appropriate to employ a R0 
membrane of greater selectivity, albeit of lower permeability. 

k. 1.3 Nitrogen and phosphorus removal 

The rejections of nitrogen and phosphorus-containing compounds 
by the R0 process were generally achieved with acceptable efficiencies. 
Nitrate and nitrite removals were approximately equivalent to NaCl 
removals from the reference solution. The general trend for these 
N-containing salts, both individually and in combination, was for reduced 
rejections at higher feed concentrations. Such concentration dependencies 
were most pronounced for ammonium nitrate where there was a difference of 
over *+0% (with a NaC 1 7 membrane) as the feed was increased from 6.5 to 
450 mg/L (Table 6). Such concentration effects were not pronounced with 
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TABLE 6. REMOVAL 


OF N-CONTAINING SALTS 


BY NaCl 7 o MEMBRANE 








N-Salt 


PH 


Ni trate 


+ Nitrite 


(as N) 


Ammonia {as 


S) 


Flux* 
(mL/hr- 
cm 2 ) 


Ave. Feed 
(mg/L) 


Permeate 
(mg/L) 


Ni trate % 
Remova 1 


Ave. Feed 
(mg/L) 


Permeate 
(mg/L) 


Ammon i a % 
Removal 


Sod i um 
Nitrate 


5.7 
5.6 

5.5 


9.5 
135 
1350 


2.45 
43-5 
409.5 


74.2 
67.8 
69-7 








4.37 
4.41 
3.58 


Sod ium 
Nitrite 


5.9 

6.1 
6.7 


15.5 
155 
1650 


13.95 
48.5 
409.5 


68.7 
75-2 








4.35 
4.45 
3.75 


Ammon i um 
Sul phate 


5A 

5.8 
5.8 








11 

110 

1100 


0.05 
4.5 
76 


99.6 
95.9 
93.1 


4.29 
4.35 
3.63 


Ammon i um 
Nitrate 


5.7 
5.6 
5.3 


6.5 
55 


0.95 
20.5 

295.5 


85-4 
62.7 
42.3 


5.5 
55 
550 


0.7 
20 
246 


87.3 
63.6 

55.3 


4.50 
4.49 
4.15 


Mixed N 
Salts (All 
Above) 

— — . .. . - — , — 


5.5 
5.9 
6.1 


7-5 
75 
750 


1.85 
29.5 
329.5 


75.3 
60.7 
56.1 


5 
30 


0.25 
13 


95.0 
56.6 


4.23 
4.39 
3-90 I 



Membrane area = 13.3 cm : 



the NaClg membrane {Table 7) and were generally less than 10%. When all 
nitrate and nitrite salts were combined, their cumulative rejections were 
slightly less than those found for the individual salts. Similarly, when 
samples of raw or secondary sewage were spiked with these salts (Table 11), 
the rejections were below those obtained for solutions of the mixed salts 
in pure water. Such results were previously noted in the fouling study 
(Tables 1 to 3) . The observed greater sensitivity to low N feed concen- 
trations in natural municipal effluents suggests that the artificially 
encouraged continuous interactions between the sewage sample and the 
membrane surface during the fouling study resulted in a gradual buildup 
of N0 3 and N0 2 at the polymer surface (Table 1 compared to Tables 6 to 10). 
This possibly resulted in sufficiently strong interactions to overcome 
normal turbulence promotion. In the course of routine treatment of 
municipal effluent by R0, the behaviour characterized in Table 11 would 
predominate and nitrate and nitrite removal efficiencies should be greater 
than 85%, if all membranes were type NaCl 90 and if efficient surface 
turbulence were maintained. If an adsorbed film were built up on the 
membrane surface, these rejections could be reduced to as much as 50% of 
this value (Tables 1 and k) . 

Ammonia rejections were found to be quite dependent on the 
specific salts involved as well as on their concentrations (Tables 6, 7, 
10 and 11). In general, rejection levels for NH 3 exceeded those for the 
nitrates and nitrites at low concentrations but became approximately 
equivalent as concentration increased. In solutions of mixed nitrogen 
salts (Tables 6 and 7), ammonia showed the most pronounced concentration 
dependent variation in selectivity, while in the mixed N and P salts in 
both water and in effluents the nitrate and nitrite salt rejections 
showed a concentration dependence comparable with NH 3 (Table 11). In the 
absence of artificially high N levels, ammonia is removed very effectively 
(>90%) even by a NaCl 7 o membrane (Tables 1 to 3) ■ 

The removal of all phosphorus-containing compounds was very 
effective and generally approached 100%. Phosphorus salts were examined 
individually and in groups with both a NaCl 75 (Table 8) and a NaClgo 
(Table 9) membrane. They showed virtually no concentration effect on 
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TABLE 7- REMOVAL OF N-CONTAtNING SALTS BY NaCl 90 MEMBRANE 






N-Salt 


PH 


Ni trate 


+ Nitrite 


(as N) 


Ammonia (as 


N) 


Flux* 
(mL/hr- 
cm 2 ) 


Ave. Feed 
(mg/L) 


Permeate 
(mg/L) 


Nitrate % 
Remova 1 


Ave. Feed 
(mg/L) 


Permeate 
(mg/L) 


Ammon i a % 
Remova 1 


Sodium 
Ni trate 


5.0 

5.4 
5.6 


2.25 
9.0 
25 
225 


0.1 
0.1*0 
2.0 
26.5 


95.6 
95.6 
92.0 
88.2 








1.89 
1.85 
1.88 
1.80 


Sodium 
Nitrite 


5.6 

5.9 

6. it 


3.75 

4o 

425 


0.55 
6.0 
39-5 


85.3 
85.0 
90.7 








1.89 
1.90 
1.90 


Ammon i urn 
Sulphate 


5.7 
5.7 
6.0 








10 
110 
804 


0.05 
1.0 

2.0 


99.5 
99-1 
99.8 


1.94 
1.97 
1.68 


Ammon I urn 
Nitrate 


5.6 
5.5 
5.2 


9.0 
85 

850 


0.45 
10.5 
139-5 


95.0 
87.6 
83.6 


5.0 
60 
800 


0.3 
9 
137 


94.0 
85.0 
82.9 


1.89 
1.91 
1.65 


Mixed N 
Salts (All 
Above) 


5.7 
5.9 
6.1 


7 

80 

750 


0.7 

12.5 

129.5 


90.0 
84.4 
82.7 


3.5 
30 
350 


=0 

5.5 
97 


= 100 
81.7 
72.3 


1.95 
1.96 
1.41 



* Membrane area = 13.3 cm 
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TABLE 8. REMOVAL OF P-C0NTA1NING SALTS BY NaC1 75 MEMBRANE 






P-Salt 


pH 


Ave. Feed 

Cone. 

(mg/L) 


Perm. Cone. 
(mg/L) 


% Removal 


Flux * 
(mL/hr- 
cm 2 ) 


Or ig i nal 


Sodium Phosphate 
Monobas ic 
NaH 2 POlj'Hj.O 


5.5 
4.9 
4.7 


11 

100 

1000 


0.82 
8.2 
110 


92.4 
91.8 
89.0 


4.40 
4.18 
3.89 


Sodium Phosphate 
Dibas ic 
Na 2 HP0 4 


7.3 
8.4 
9-0 


2 

30 
940 


0.16 
1.6 
34 


92.0 
94.7 
96.4 


4.39 
4.39 
3.58 


Sodium Pyrophosphate 

NauPaOT-lOH^O 


9-5 
10.1 
10.3 


9.4 
96 
960 


0.52 
3.2 
12.0 


94.5 
96.7 
98.8 


4.36 
4.35 
3.81 


Sodium Tri pol yphosphate 
Na 5 P 3 10 


9-2 
9.8 
9-8 


10 

94 

940 


0.5 
2.2 
7.8 


95.0 
97.8 
99-2 


4.36 
4.32 
3.85 


Sodium Metaphosphate 
(NaP0 3 ) 


6.5 
7.6 
7.2 


3-2 
38 

920 


0. 12 

1 

2.8 


96.2 
97.4 
99-7 


4.55 
4.35 

4.06 


Sodium Phosphate 
Monobasic & Sodium 
Pyrophosphate 


7.0 
7.0 

7-0 


10 

92 

820 


0.3 
3.2 
3.2 


97.0 
96.5 
96. 1 


4.30 
4.29 
3-76 


Mixed Phosphates 


8.4 
9.6 
9-7 


7-4 
79 
1100 


0.62 
1.8 
16 


9K6 
97.7 
98.5 


4.32 
4.30 
3.85 



Membrane area = 13-3 cm . 



TABLE 9. REMOVAL OF P-CONTAINING SALTS BY NaCl 90 MEMBRANE 



-J 



P-Sait 


PH 


... 

Ave. Feed 
Cone. 
(mg/L) 


Permeate 

Cone. 

(mg/L) 


% 
Removal 


Flux* 
(mL/hr- 
cm z ) 


Or i ginal 


Adjusted 


Sodium Phosphate 
Monobas i c 
NaHaPOit'HzO 


5.4 
5.0 
4.7 




12.2 

113 
1120 


0.14 
1.0 
13 


98.9 
99.1 

98.4 


1.90 
1.86 
1.68 


Sodium Phosphate 
Dibasic Na 2 HP0^ 


8.1 
8.9 

9-1 




12 
117.5 
1150 


0.05 

0.2 

2 


99-6 
99-8 
99-8 


1.91 
1.86 
1.58 


Sodium Pyrophosphate 
Na lt P 2 7 -10H20 


10.0 


6.9 
6.9 
6.9 


10.0 
96 
1010 


<0.01 
0.2 
8.6 


>99.9 
99.8 
99-2 


1.86 
1.89 
1.62 


Sodi urn Tri poly- 
Phosphate 
Na s P 3 0i 


9.8 


6.8 
6.9 
6.5 


10 

100 

1000 


0.02 

0.7 

8.5 


99-8 
99-3 
99.2 


1-97 
1.96 
1.82 


Sodium Metaphosphate 
(NaP0 3 ) 


7.0 
7.6 

7.1 




9.5 
92.5 
1020 


0.03 

0.4 

1.5 


99.7 
99.6 
99.8 


1.96 
1.99 
1.91 


50:50 Sodium Phosphate 
Monobasic & Sodium 
Pyrophosphate 


7.1 
7.2 

7.0 




10.8 

105 
1050 


0.03 
0.7 
18.0 


99-7 
99.3 
98.3 


2.00 
1.92 
1.74 


Mixed Phosphates 
(6 phosphates; 5 as 
above Tri basic) 


9.6 


6.5 
6.5 
6.2 


11 

105 

1100 


0.06 
0.9 
23 


99.4 
99.1 
97-9 


2.01 
2.01 
1.69 


Sodium Phosphate 
Monobasic 


5.4 
5.0 
4.7 




11.5 
115 
1100 


0.1 
2.1 
33 


98.8 
98.2 
97.0 


2.03 
1.99 
1.68 


Mixed Phosphates 


9-4 


6.3 
6.2 
6.0 


10.5 
100 
1150 


0.1 
0.8 

9 


99-0 
99-2 
99.2 


1.83 
1.80 
1.58 



* Membrane area = 13.3 cm 



TABLE 10. REMOVAL OF N AND P-CONTAINING SALTS BY NaCl 70 MEMBRANE 



System 


pH 


Phosphate (as P) 


Nitrate + Nitrite (as N) 


Ammonia (as N) 


Flux* 
(mL/hr- 

cm 2 ) 


Ave. Feed 
(mg/L) 


Permeate 
(mg/L) 


Remova 1 


Ave. Feed 
(mg/L) 


Permeate 
(mg/L) 


% 
Removal 


Ave. Feed 
(mg/L) 


Permeate 
(mg/L) 


% 
Remova 1 


Mixed Solution 
of 6 P-Salts 
and 4 N-Salts 


7-9 
8.4 
8.5 


6.0 
48 
520 


0. 18 
1.0 
0. 18 


97.0 

92.9 
98.2 


3.5 
35 
350 


0.45 
11.5 
189.5 


87.1 
67.1 

45-9 


2.0 

60.0 
200 


=0 

5 
66 


= 100 

97-7 
67.0 


4.40 
4.41 
3.96 



■ Membrane area = 13-3 cm . 



TABLE tl. REMOVAL OF N- & P-CONTAINING SALTS BY NaC 1 9 g MEMBRANE 






... 




1 


s hosphat e 




N 1 t rate 1 


- Nitrite 


as N) 


Ammonia {as N^ 








System 


pH 




















Carbon 
(mg/L) 


FLUX 
mL /h-cm' 


Ave. Feed 


Permeate 


Phos. I 


Ave. Feed 


Permeate 


Ni trate 


Ave. Feed 


Permeate 


Ammon i a 






(mg/L) 


(mg/L) 


Remova 1 


(mg/L) 


(mg/L) 


% Removal 


(mg/L) 


(mg/L) 


/ Removal 






Mixed Solution 
of 6 P-Salts 
I 4 N- Salts 


6.8 
6.9 
6.7 


4.5 
23 

440 


0.02 

0-3 

2.9 


99.6 
98.7 
99-3 


3-5 
20 
400 


0. 1 

1.0 

69.5 


97.1 

95.0 
82.6 


1.0 
5 
200 


= 
-0 
27 


= 100 
' 100 
86.5 




2.00 
I.89 
1.66 


Secondary 
Sewage 


8.0 


0. 145 
(0.073) ■•'■'•■■ 


0.006 


95-9 


2. 1 


0.33 


84.3 


21.9 






65.0 
(41.0) 


2.01 


Secondary 
Sewage 


8.0 


l 1.4 
(9.95) 


0.02 
(0.01) 


99.8 
(99.9) 


8 


1. 1 


86.2 


22. 15 


!.8 


91.9 


6.0 
(41. 0)' 


1.97 


+ 10 mq/L P f, N 


























Raw Sewage 


8,0 


0.715 
(0.55) 


0.028 


96. 1 


M 


0.45 


86.8 


20.5 






75-0 
(1*8.0) 


1.95 


Raw Sewage + 
10 mg/L P I N 


8.0 


1 1 .60 
(9.5) 


O.OU 


99-9 


10.7 


1.3 


87.8 


24.9 


1.4 


9A.it 


76.9 

(48.0) 


1.84 



Membrane area ■ 13.3 cm. 
■■■•'•■ Dissolved Inorganic Phosphorus. 
Total Inorganic Carbon. 



Note 



sewage was from the Hamilton Sewage Treatment Plant. 



solute rejection ability. Neither did the presence of other salts 
(Table 10) influence rejection behaviour. Raw and secondary sewage 
samples, spiked with phosphorus salts (to 10 mg/L) , showed consistent 
phosphorus rejections (>33% for NaCl 90 membranes and >97? for NaCl 70 
membranes). A slight reduction in selectivity was found when treating 
samples of raw or secondary sewage containing less than 1 mg/L phosphorus, 
but rejections were still maintained at greater than 95% (Table 11). 

The R0 process is capable of efficiently removing most nitrogen 
and phosphorus containing compounds (as well as the various additives 
conventionally employed in their precipitation) from waters and municipal 
wastewaters. The cellulose acetate membranes employed in such separations 
are susceptible to fouling by various dissolved and suspended organic and 
inorganic species. The nature and extent of such fouling can signifi- 
cantly affect P and N rejection ability and, in continuous treatment 
systems, intermittent cleaning is necessary to maintain optimum membrane 
selectivity and permeability. 

h.2 Pilot Plant Results and Discussion 

The reverse osmosis pilot plant was on-line at the Wastewater 
Technology Centre, Burlington, for approximately four months, commencing 
April 1, 1974. The unit functioned within acceptable reliability and 
performance limits during this period. Operation of the plant was 
assessed on a daily basis by measuring several key operating variables. 
Besides evaluating the performance of the R0 system and pretreatment unit 
on conventional secondary effluents, several studies were performed on 
spiked effluents and spiked water systems. This enabled characterization 
of appropriate operating conditions and permitted elucidation of some of 
the operational phenomena likely to be encountered in routine on-stream 
operations of R0 systems. 

4.2.1 Analytical parameters 

The overall objective of this project was to assess nutrient 
removal efficiencies by R0 under variable test conditions. Some 
additional relevant parameters were examined in the course of the program. 



These included total organic carbon (TOC), total inorganic carbon (TIC), 
ammonia (NH 3 as N) , nitrate and nitrite (N0 3 and N0 2 as N) , dissolved 
inorganic phosphorus (DIP as P) , total phosphorus (TP as P) , chemical 
oxygen demand (COD), biochemical oxygen demand (B0D s ), colour [Hazen 
units, (HU) or colour units (CL)) are equivalent], turbidity [Jackson 
Turbidity Units, (JTU)], total hardness (TH as CaC0 3 ), filterable and 
fixed filterable residues [FR (105°C) and FNF (550°C), respectively] 
(commonly termed suspended solids, SS and FSS) , chloride ion (CI ), and 
sul phate ion (SOi, ) . 

Overall feed and permeate concentration ranges, as well as the 
detection limits and sensitivities of the analytical methods, are 
summarized in Table 12 for the parameters examined. Complete analytical 
results are detailed in Table C-l, Appendix C. Most of these parameters 
were routinely determined. However, the low values of B0D 5 in the sewage 
entering the RO unit prevented the observed low levels in the permeate 
from providing any significant information. Therefore, the B0D 5 test was 
frequently omitted during this investigation. 

Ultra-violet (UV) spectrophotometry was employed as a secondary 
technique to measure total organics in some of the later samples. Many 
organic species strongly absorb UV radiation at a wave length of about 
200 mu (Wi 1 lard et al, 1965). The UV measurements were carried out to 
indicate internally consistent values of the organics in the feed and 
permeate which enabled a determination of approximate organic solute 
removal efficiencies from these relative values. The results are 
summarized in Table C-2, Appendix C. 

A selected number of feed and permeate samples were analyzed by 
the Microbiology Laboratories at the CCIW for the presence of micro- 
organisms such as fecal coliforms, total coliforms, fecal streptococci 
and heterotrophs. The results are in Table C-3, Appendix C. 

As Table 12 indicates, the secondary sewage from the Burlington 
Skyway Sewage Treatment Plant was generally of lower quality than that 
from the WTC pilot plant. This is because the extended aeration plant at 
the WTC operated under more critical control conditions than the activated 
sludge process at the municipal treatment facility. However, differences 
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TABLE 12. REPRESENTATIVE EFFLUENT PARAMETERS 












Parameter 


WTC Pilot Plant 


! Burl 


ington 


Skyway Plant 


Detection 
Limit 


Sens i t i vi ty 
(mg/L) J 


Feed (mg/L) 


Permeate (mg/L) 


Feed ( 


mg/L) 


Permeate (mg/L) 


TOC 


4.0 - 12.0 


<0. 1 - 3.0 


6.9 - 


15.0 


1.9 - 2.0 


0.5 
O.lt 


0.5 
0.1 


TIC 


19.4 - 37.0 


1.0 - 7.0 


30.5 - 


33.1 


3-0 


0.5 

O.lt 


0.5 
0.1 


NH 3 (N) 


0.01 - 0.17 


0.01 - 0. 17 


0.6 - 


0.7 


0.05 - 0.3 


0.005 


0.001 


N0 3 +N0 2 (N) 


10.2 - 18.8 


4.6 - 9.0 


7.6 - 


9.7 


3.4 - 4.6 


0.005 


0.001 


DIP (P) 


0.1 - 2.5* 

0.03 - 0. 12** 


<0.001 - 0.04 
<0.001 - 0.002 


1.6 - 


3-5 


0.05 - 0.07 


0.001 


0.001 


TP (P) 


0.18 - 2.6 
0.19 - 0.38 


<0.001 - 0. 18 

<o.ooi - 0.38 


2.2 - 


3.5 


0.05 - 0.07 


0.001 


0.001 


COD 


9.9 - 42.6 


<1.0 - 5.0 


24.2 - 


41.0 


1.8 - 4.8 


1.0 


0.1 


B0D 5 


<5 


<5 






<5 


5 


1.0 


Colour (CU) 


10 - 30 


<5 - 10 


10 - 


20 


5 


5 


5.0 


Turbldi ty 
(JTU) 


0.5 - 2.0 


<0.1 - 1.2 


2.8 - 


7.8 


0.2 - 0.3 


0. 1 


0.1 


T. Hardness 


246.0 - 319.4 


18.0 - 40.0 


232 - 


241 


23.6 - 28.1 


0.5 


0.5 


TDS 


591 - 755 
611 - 739 


87 - 150 
113 - 152 


527 - 


596 


93.2 - Sk.h 


1 


0.5 


FDS 


470 - 608 
515 - 638 


40.4 - 97.5 
83.2 - 104.0 


440 - 


503 


72. 4 - 73-2 


1 


0.5 


SS 


1.2 - 6.0 


<1.0 


8.4 - 


10.8 


<1.0 


1 


0. 1 


FSS 


<1.0 - 3.2 
2.8 - 4.4 


<1.0 


1.2 - 


4.0 


<1.0 


1 


0. 1 


Cl~ 


108 - 158 


18.1 - 28.2 


105 - 


115 


21.4 


0. 1 


0. 1 


50^ 


100 - 174 
215 - 250 


1.0 - 3.0 

3.5 - 5.0 


72 - 


90 


2.0 


2.0 


1.0 


" Base 1 i ne ope 
*« Alum. 


rat ion. 














+ Two methods 


were used. 















in concentration levels had essentially no influence on the permeate 
quality after treatment by reverse osmosis. 

Some distinct differences were apparent when the WTC extended 
aeration pilot plant was operated with and without precipitating chemicals. 
When alum was used, the effluent was slightly acidic (pH = 6.6 to 6.8) 
compared to a pH of 7-5 under baseline operating conditions. Phosphorus 
levels dropped significantly, but sulphate ion concentration almost 
doubled in the secondary effluent when alum treatment was employed. 

Effluent samples from the WTC pilot plant had unusually low 
suspended solids content, generally being less than 6 mg/L. It was con- 
sidered possible that the slow pumping rate of the water samplers was 
contributing to these low values. A recent report by Harris and Keffer, 
(197^), indicated that the ISCO Model 1391 sampler was unsuitable for 
collecting samples with high solids contents such as those found in raw 
sewage. To test this possibility in the present study, samples No. I-F 
to 2^-P (Table B-l) were manually collected via sampling ball valves. 
Comparison of the suspended solid contents in these samples with those 
collected by the samplers showed slight, but inconclusive, differences. 
The water samplers were thereby considered to function adequately for the 
low solids content wastewaters encountered In the present program. 

Both filtered (F 1 ) and unfiltered (F) feed solutions were 
collected for purposes of comparison (Sample Series No. 1-F to 18-P). 
Examination of these samples (F and F') indicated no significant differ- 
ences in the measured parameters except for the suspended solids levels 
which showed an average concentration difference of about 30%, but only 
about 10% difference in the percent rejection. The cartridge filters 
employed in the pretreatment system did not reduce the chemical loading 
to the R0 unit. To avoid collecting essentially duplicate samples, only 
the unfiltered samples were analyzed to characterize the feed stream. 

^4.2.2 Reverse osmosis performance in the treatment of sewage 

The initial performances of the reverse osmosis modules using 
sodium chloride solutions are presented in Table 13- The eight modules 
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TABLE 13 


INITIAL PERFORMANCES OF REVERSE OSMOSIS MODULES 






Module 

No. 


Serial No. 


Grade of 
Membrane 


Z Rejection" 
(Manufacturer 1 s 
Value) 


1 Rejection 
(Measured) 


Permeate Rate 
(Igpm) 


+ 
Permeate Flux 

(!g/d/ft 2 ) 


1 


4-l4x 


A- 18 


89-5 


90.8 


0.073 


1.42 


2 


4-513x 


A- 17 


74.0 


73.2 


0. 131 


2.55 


3 


4-920 


A- 18 


92.5 


94.6 


0.049 


0.95 


4 


4-735 


A- 18 


89.0 


90.0 


0.075 


1.46 


5 


4-922 


A- 18 


93.0 


93-5 


0.051 


0.99 


6 


4-680x 


A- 17 


76.5 


74.6 


0.119 


2.32 


7 


4-l6xx 


A- 17 


75.4 


74.6 


0. 116 


2.26 


8 


4-321xx 


A- 18 


89.1 


93.2 


0.066 


1.28 




Comb i ned 






81.3 


0.731 


14.2 



Condi t ions ; 



t Conditions 



2000 mg/L NaCl 

2068 kPa (average) 

25°C 

0.23 L/s module. 

(1825 + 1870J/2 = 1847-5 mg/L NaCl 

2068 kPa (upstream) 

22°C-26°C 

0.15 L/s modu le. 



Note: Igpm x 0.075 = L/s. 

Ig/d/ft 2 x 0.049 ■ nr/d/m 2 



in the system included five modules with type NaCIgo membranes and three 
of type NaCl 75 . Initial combined permeate flux was approximately 0.05 L/s 
(0.73 Igpm) of which about 5h% was contributed by the three NaCl 7 s mem- 
branes. The observed combined NaCl rejection for all NaClgo and NaCl 75 
modules was 81.3% which was in good agreement with the estimated value of 

81.9%. 

The various constituents present in secondary sewage (Section 
h.2.\) were selectively rejected to different extents. The results for 
the various parameters examined are tabulated in Appendix C. For the 
first two days of operation, the permeate flux and the removal efficiencies 
for most parameters were plotted against time of day (Figure 11). The 
removals of phosphorus approached 100%; COD 95%; TIC 96%: TOC and NH 3 
varied from 50% to 90%; nitrate and nitrite approximately 56%; total 
hardness above 90%; TDS and F0S above 85%; chloride ion 83% and sulphate 
ion above 98%. 
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The removal efficiencies for most of these constituents were 
constant over long periods (Appendix C). The membranes were allowed to 
relax for one hour every eight or twelve hours during the first two days 
of operation. This relaxation period was generally one and one-half hours 
in every 24-hour period during the course of the study. Such relaxations 
did not affect membrane selectivity and, over the duration of this 
four-month pilot plant program, membrane selectivity remained generally 
constant under a variety of operating conditions. Some variations were 
observed (Table 14), notably the TIC and nitrate/nitrite rejections which 



TABLE 14. TYPICAL REMOVAL EFFICIENCIES BY THE 
REVERSE OSMOSIS SYSTEM 







% Remova 1 




Const i tuent 










Init 


al 


Fi na 


* 


TOC 


50 - 


90 


50 - 


90 


TIC 


96 




88 




NH 3 (N) 


55 - 


90 


45 - 


80 


N0 3 +N0 2 (N) 


56 
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DIP (P) 


99-5 




98.5 




TP (P) 


99-5 




98.5 




COD 


>95 




94 




B0D 5 


- 




- 




Colour (CU) 


50 - 


>75 


50 - 


>75 


Turbidity (JTU) 


50 - 


>95 


50 - 


>95 


T. Hardness (CaC0 3 ) 


92 




92 




TDS 


85 




81 




FDS (550°C) 


85 




82 




SS 


- 




95 




FSS 


- 




>94 




Cl" 


83 




80 




so; 


98 




98 





* After four months of operation. 
Note: Initial and final salt rejections were 
81.3% and 70.0%, respectively. 



45 



showed gradual, but significant, reduction? from 96% and 56% to about 
88? and k~}%, respectively. All other parameters maintained the same 
rejection levels or fell less than k% over the four-month period. 

Permeate flux gradually decreased with operating time. This 
decrease was generally linear over the initial 2^-hour period, but after 
extended periods of operation a horizontal asymptote was often attained. 
After four months of operation the total flux for the eight-module system 
decreased by about 25%. Most of this decrease was attributable to the 
NaC) 75 membranes. The topic of flux reduction will be discussed in 
detail in Section 4.2.5 which deals with salt rejection, flux drop, and 
membrane cleaning. The reduction in membrane flux over a given period 
was reasonably consistent under equivalent operating conditions. This 
is illustrated by Figures 11 and 12 which refer to continuous runs of 
48 hours. Figure 11 is for the two days of operation when the pilot 
plant was initially put on-line and Figure 12 refers to an equivalent 
period of operation after the unit had been functioning for almost two 
months. 
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Data for suspended solids were not plotted in Figure II because 
the low feed concentrations, in conjunction with the detection limits of 
the analytical technique, did not enable any significant measurements to 
be performed. Logically, if RO could remove more than 851 TDS, it should 
remove at least an equivalent amount of suspended solids. Indeed, in the 
spiked nutrient studies (Section 4.2.4) the RO process showed a 35% SS 
removal efficiency. Similarly, B0D s and FSS were not plotted because of 
the low experimental levels. 
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The colour and turbidity of the permeate were improved by about 
50% to >75% and 50% to >95%, respectively, by the reverse osmosis process. 
These observed variabilities are mainly due to the imprecision inherent 
in the analytical techniques. 

The removals of chloride and sulphate Ions were both very 
effective and stable. The employment of alum as a precipitating agent 
in the extended aeration pilot plant almost doubled the sulphate ion 
concentration in solution but the removal efficiency by RO remained very 
high and constant despite the increased feed level. These results 
combined with the excellent laboratory results on cation removals (Fe , 
Fe 3 and Al 3 ) to demonstrate very high removal efficiencies for the 
precipitating agents commonly used in the wastewater treatment process. 
Calcium and magnesium removals, although not listed in Table ]k, were as 
good as the total hardness removals since the values for total hardness 
were derived from the calcium and magnesium concentrations according to 
the standard method. For instance, typical calcium concentrations in 
feed and permeate were of the order of 85 and 7 mg/L, respectively, 
while the magnesium was in the 20 and 2 mg/L ranges. 

Organic carbon removals were rather inconsistent. The 
originally measured TOC removals varied from 50% to 75%. The analytical 
method employed in these cases determined TOC as the difference between 
measured values of total carbon and TIC. Owing to the low TOC values 
determined in this manner, an alternate analytical method was employed 
(beginning with sample 31~F) wherein TOC was measured directly. Using 
this method, results were more precise and the percentage rejections for 
TOC were generally much higher (60% to 99%) than those determined by the 
original technique. By employing ultra-violet spectrophotometry to 
measure organic concentrations, the percentage differences in peak 
heights of feeds and permeates were found to range between k7% and 67%. 
The fact that these rejection levels were generally below those obtained 
by the more conventional analytical techniques suggested two possibil- 
ities. One hypothesis would suggest that some of the organic species 
present in the solution did not absorb strongly in the 200 nm wavelength 
region (Dobbs et al , 1972). An alternative would be that the dilution 
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techniques required in the preparation of the "feed" solutions for UV 
analysis effectively removed most of the suspended solids, thereby giving 
lower organic feed concentrations than would be determined by the other 
techniques where no dilutions were performed. This would effectively 
reduce the calculated rejections since the feed solution would be 
measured as the organic species in solution but not in suspension. 

The filtered and unfiltered sewage samples (Samples Nos. 1-F to 
I8-P) showed small but significant differences in TOC values indicating 
that an appreciable quantity of total organics appeared in suspended 
form. These differences would probably be magnified if the more sensi- 
tive direct TOC measuring technique were used. These results thereby 
support the suggestion that reduced suspended organics in the feed cause 
inherent imprecision in the UV analytical method. 

The inorganic carbon (TIC) rejections were generally higher 
than TOC and initially exceeded 96%. However, this efficiency dropped 
slowly during the four months of operation to about 86%. COD removals 
were consistently high, averaging more than 95% throughout the duration 
of the program. 

Nutrient removals were excellent for phosphorus, marginal for 
nitrates and nitrites, and good for ammonia. Both dissolved inorganic 
phosphorus and total phosphorus (TP) were monitored and the concentrations 
In the sewage were generally low (Table 12), especially when alum was 
used in the extended aeration plant to remove phosphorus. At these low 
concentrations, the removal of phosphorus approached 100%. Laboratory 
results on higher phosphorus feed concentrations (10, 100, 1000 mg/L) 
all exceeded 90% and many approached 100%. This confirmed that high 
phosphorus removal efficiencies could be achieved for any concentration 
that might appear in sewage. 

The removals of nitrate and nitrite were surprisingly low, 
initially being 58%, but decreased to h7%. These results were generally 
lower than those obtained in the laboratory, especially when non-sewage 
feed solutions were used. Most laboratory results indicated that the 
removals of nitrate and nitrite were generally as good as the rejection 
of NaCl, that is to say they gave at least 70% removal efficiency. 
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Experiments with nutrient spiked tap water were also carried out in the 
pilot plant and the results are summarized in Table C-2, Appendix C. 
The nitrate and nitrite removals were relatively high (57% to 69%) con- 
sidering that the sodium chloride rejection at this time was only about 
68%, as discussed later. This again suggested that nitrate/nitrite 
removals were equivalent to the NaCI removal, in efficiency. The reasons 
behind the reduced performance on sewage systems were not determined. 
Probably the nitrate and nitrite compounds in the sewage exist in a 
significantly different form than do sodium salts employed in the makeup 
of the nutrient feed solutions. Association of these N compounds with 
various organic species could significantly affect these removal 
efficiencies. 

Ammonia rejections were generally satisfactory although the 
results sometimes appeared to be rather inconsistent. These removals 
varied from 30% to as high as 90%, and sometimes even "negative" removals 
were observed. No explanation for such behaviour is obvious. Perhaps 
the delay in analysis resulted in partial sample degradation. The pH 
values for the permeates were found to have increased by almost one pH 
unit while the feed sample remained constant during the two to four-week 
storage time before analysis. 

Microbiological analyses of feed and permeate samples showed 
excellent removal of microorganisms. As summarized in Table C-3, 
Appendix C, the removals of fecal and total coliforms were essentially 
100%. Fecal streptococci and heterotroph removals were also initially 
about 100%. However, the product line appeared to slowly become contam- 
inated by microorganisms during the course of this study. The growth of 
green algae was observed within the translucent polyethylene tubes 
employed for permeate collection. The extremely high heterotroph con- 
centration in the permeate from the NaOCl disinfected sewage 
(heterotrophs = 400/mL) was an additional indication of a contaminated 
permeate line. Nevertheless, the total coliform removal remained at 
100%. 
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k.2.3 Effects of operating conditions 

Many operating conditions will affect the short and long term 
performances of a reverse osmosis system. Variables such as feed flow 
rate, temperature, applied pressure, osmotic pressure (function of TDS, 
pH, SS) are found to affect the permeation flux and separation 
efficiencies, although the latter are less sensitive to most operating 
variables. Sourirajan (1970) and others (i.e., Johnston and Lim, 197*0 
have attempted to correlate separation efficiency or permeate flux and 
some independent variables. These correlations were useful for module 
evaluation work, but usually they could not be generalized to other R0 
systems. Thus, some of the important variables such as temperature, 
pressure and feed flow rates were studied in this work to optimize the 
operating conditions for ultimate module performance. No attempt was 
made to mathematically correlate these variables. 

Temperature . Permeate flux is strongly independent on feed 
temperature. The experimental relation for the present setup is plotted 
in Figure 13- The bottom half of the figure indicates the dependency of 
flux on temperature which was first increased in small increments and 
was then correspondingly decreased. Two distinct lines were drawn 
through the two parallel sets of data and the middle line was a linear 
least squares fit to all points. At the top of the figure is a plot of 
temperature correction factors [either to 25°C or 27°C (77°F or 80°F)] 
against temperature. Temperature correction factors were ratios of 
permeate rates at a certain temperature to that at a given temperature 
25°C or 27°C (77°F or 80°F) . This relationship could be used to correct 
the fluxes measured at different temperatures to fluxes at 25°C or 27°C 
(77°F or 80°F). It could also be used to estimate the actual fluxes at 

other temperatures. 

Long term studies of the R0 system at five given temperatures 
were carried out to reveal their rates of flux decrease. Since it was 
difficult to reproduce the given flux levels, all tests necessarily 
started at different flux rates. By converting the measured fluxes to 
flux ratios (i.e., flux/initial flux), Figure 1 k shows the flux re- 
duction behaviour with time. There was no clear indication whether one 
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temperature was better than another in maintaining the flux level over 
the limited temperature range examined. 
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The present experimental temperature range was limited by the 
effluent temperature and by the maximum allowable operating temperatures 
for the cellulose acetate membranes. According to these experimental 
results, the higher the feed temperature, the better would be the 
permeate flux. The optimum temperature would, therefore, be 27°C (80°F) 
which is the normal allowable maximum temperature for cellulose acetate 
membranes for prolonged operation. Higher temperatures [up to 37-7°C 
(100°F)] are not recommended for prolonged operation because the 
hydrolysis rate of the acetate groups of the membrane would be increased 
by almost 10 times over the temperature range of 27°C to 37-7°C 
(80°F to 100°F) (Marshall and Slusher, 1968) . At sufficiently high 
temperatures the membrane structure may be altered since high temperature 
shrinkage is used to pretreat membranes to impart a desired porosity and 
selectivity to the polymer films. Although temperature does not appear 
to affect the rate of flux decline, the higher permeation rates attain- 
able at the higher temperatures offer certain advantages in terms of 
increased productivity. 

Contrary to these flux dependencies, temperature had practically 
no influence on the removal efficiencies of the various parameters under 
study. Table 15 summarizes the average and the range of the percentage 
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TABLE 15. EFFECT OF TEMPERATURE ON 


REMOVAL EFFICIENCIES 








^""""--»^^ Temp. 
Pa rame ter*-^-v^^ 


15.5°C (60°F) 


18°C (65°F) 


21°C (70°F) 


27°C (80°F) 


TOC 


80-98** (90) f 


80-98 (92) 


80-98. 6 (89.3) 


80-98.9 


(89.6) 


TIC 


87-5-98.4 (90.3) 


86.2-96.2 (89.5) 


85.7-92.9 (90.8) 


85.2-95.8 


(90.3) 


N0 3 +N0 2 (N) 


ki.k-k3.1 (48.8) 


50-50.7 (50.2) 


48.1-52.1 (50.1) 


1— 




DIP (P) 


98.3-99.1 (98.8) 


98.8-99.1 (98.9) 


99.2-99-3 (99.3) 


98.4-99.3 


(98.8) 


TP (P) 


98.4-98.9 (98.7) 


90-98.8 (95-9) 


98.7-99.3 (99) 


91.0-99.1 


(95.5) 


COD 


88.2-99-5 (92.8) 


89.6-99.5 (93-6) 


79-95-6 (89.2) 


81.4-92. 1 


(86.1) 


Colour (CU) 


>50 


>50 


>50 


50-75 


(65) 


Turbidi ty 
(JTU) 


75-80 (78.3) 


80-90 (86.7) 


75-87.5 (80.8) 


71.5-86.7 


(77.5) 


T. Hardness 
(CaC0 3 ) 


90.8-92.1 (91.8) 


90.7-91.8 (91.3) 


90.1-91.8 (91.0) 


91.5-93.3 


(92.1) 


TDS 


83.8-88.4 (85.4) 


81. 3-83.0 (82.1) 


81.5-83 (82.4) 


82-86.2 


(84.3) 


FDS 


85.6-90.2 (87.4) 


84.3-86.3 (85.4) 


84.4-85.6 (85.1) 


83.9-88.2 


(86.2) 


ss 


72.2-84.4 (78.8) 


16.6-37.5 (27.1) 


16.7-68.8 (47.9) 


16. 7-83. 3 


(55.4) 


Cl" 


80.9-82.7 (81.9) 


80.8-82.6 (81.7) 


81. 7-82.1 (82.0) 


80.7-81.6 


(81.1) 


so" 


98.1-98.9 (98.6) 


98.2-98.5 (98.4) 


97.8-98.6 (98.3) 


98.2-98.7 


(98.5) 



» Salt Rejections = 81.3%. 
"• : Range of % Removals. 
t Average % Removal. 



removals of the parameters for four temperatures. For short term temper- 
ature effects, only two selected parameters (conductivity and UV organics) 
were measured immediately following sample collection. These provided 
representative values for organic and inorganic removals. The results 
are summarized in Table 16. Inorganic removals were obviously improved 
at higher temperatures, but organic removals were rather variable and 
inconsistent. 



TABLE 16. TEMPERATURE EFFECT ON THE ORGANIC AND INORGANIC 
SEPARATIONS 



Temperature 
(°F) 


% Difference (Feed vs Permeate) 


UV (Organics) 


Conductivity (Inorganics) 


67 


k%.2 


76.9 


72 


hSA 


79-8 


76 


51.8 


86.6 


80 


1*2.7 


86.8 


85 


67.1 


87.2 


90 


M.2 


87. h 


100 


56.3 


87.8 



Note: 



(°F-32) x 5/9 = -C. 



Feed Flow Rate . The effects of four different feed flow rates 
are examined in a manner analogous to the temperature study. The short 
term effect of flow rate on the permeate flux is shown in Figure 15 t anc l 
the long term effect in Figure 16. Tables 17 and 18 compare the 
respective removal efficiencies during long and short term studies. 
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TABLE 17. EFFECT OF 


FEED FLOW RATE ON REMOVAL EFFICIENCIES" 








-~^^Flow rate 
Pa rameter *« -^^^ 


2 Igpm 


4 1 g pm 


5 Igpm 


8 Igpm 


TOC 


- 




80-90 (92.6) 


60-99.2 


(85.9) 


89.6-98 (90.7) 


TIC 


- 




78.1-85.7 (81.3) 


76.5-88.9 


(61.6) 


83.0-84.5 (84.0) 


N0 3 +N0 2 (N) 


49.0-50.7 


(49-9) + 


53.2-54.8 (53-9) 


49.2-53.6 


(51.2) 


47.1-48.6 (47.6) 


DIP (P) 


96.5-99-3 


(98.3) 


98.3-98.8 (98.6) 


98-98.6 


(98.2) 


95-98 (96.5) 


TP (P) 


94.7-99-2 


(97.6) 


97.8-98.4 (98.2) 


97.7-97-9 


(97.8) 


98.5-99.5 (99.0) 


COD 


- 




92.4-95 (93.5) 


89.1-90.5 


(89.8) 


59.9-66.3 (63.1) 


Colour (CU) 


75 




33.3-50 (44.4) 


50 




50 


Turbidi ty 
(JTU) 


75-77.5 


(75.8) 


60-75 (68.8) 


70-90 


(83.0) 


84.6-92.3 (89-5) 


T. Hardness 
(CaCOa) 


90.8-91.7 


(91-3) 


92.2-93.1 (92.7) 


88.8-90.3 


(89.7) 


92.0-92.4 (92.2) 


TDS 


81.5-82.6 


(82.0) 


83.3-85.8 (84.7) 


81. 1-84.4 


(83.0) 


79.5-81.5 (80.3) 


FDS 


83.7-84. 1 


(83-9) 


85.2-86.1 (85.7) 


85.5-92.4 


(88.1) 


83.7-85.5 (84.5) 


SS 


- 




44.4-58.3 (49.4) 


68.8-75 


(72.0) 


79.2-82.1 (80.7) 


Cl" 


79-2-79.7 


(79-4) 


82.4-83.5 (83.1) 


79.3-81. 1 


(80.4) 


79-2-79.8 (79-6) 


so" 


97.8-99.2 


(98.4) 


98.6-98.9 (98.8) 


97.7-99 


(98.4) 


98-98.5 (98.3) 



* Salt Rejections ■ 81.3%. 
** Range of % Removals. 
t Average % Removal. 
Note: Igpm x 0.075 = L/s. 



TABLE 18. FEED FLOW RATE EFFECT ON ORGANIC AND INORGANIC 
SEPARATIONS 



Feed 
Flow Rate 
(Igpm) 


% Difference (Feed vs Permeate) 


UV (Organics) 


Conductivity (inorganics) 


8 


51.8 


85.6 


6 


48.6 


88.2 


k 


5K9 


87-8 


2 


kk.h 


83.2 


k 


52. k 


87.0 


6 


48.9 


88.4 


8 


49.1 


88.7 



Note: Igpm x 0.075 = L/s, 



While Figure 15 shows no significant short term effects of 
feed flow rate on permeate flux, Figure 16 indicates that there are 
definite advantages to operating at higher flow rates. At 0.15 L/s 
(2 Igpm) flow rate, the flux drop was so fast that the experimental run 
had to be interrupted by flushing with tap water. Most of the original 
flux could be restored by this flushing and thus the flux drop was 
mostly due to loose foulant accumulation on membrane surfaces. At higher 
flow rates, the turbulent action of the fluid minimizes the buildup of 
any solids on the membrane surface and also reduces the concentration 
polarization effects which tend to lower the effective driving pressure 
(Effective Pressure = Applied Pressure - Osmotic Pressure). The 
Reynolds numbers for 0.15 L/s (2 Igpm) and 0.6 L/s (8 Igpm) in a single 
tubular membrane were 3-8 x 10 3 and 1.52 x 10", respectively (see 
Table B-2, Appendix B for module specification). Thus, at 0.15 L/s 
(2 Igpm) the flow was in the transitional stage and at 0.6 L/s (8 Igpm) 
it was a tow turbulent flow. Thus sufficient turbulence should be 
induced at the membrane-solution interface to produce high flux, yet not 
so much as to cause abrasive deterioration of the polymeric surface 
(especially for fluids with high solids content) or excessive power con- 
sumption. Feed flow rates of at least 0-3 L/s (4 Igpm), but more 
specifically 0.6 L/s (8 Igpm), are recommended for this module design. 



Removal efficiencies once again remained essentially constant 
for all feed flow rates. However, for the short term effect, Table 18 
shows the slight improvement in both organic and inorganic removals at 
higher feed flow rates. With a laminar flow over the membrane-solution 
interface, a severe concentration polarization region would be built up 
in the boundary layer. The resulting larger solute concentration ad- 
jacent to the membrane would impede water flux. Variable influences 
would be exerted on the absorbed solute species, depending upon the 
nature of the specific solute membrane interactions and their mechanisms 
of rejection and transport. The most significant effect of feed flow 
rate is the control of surface fouling during the reverse osmosis. 

Pressure. Reverse osmosis only occurs when an external applied 

pressure (P ) is in sufficient excess to overcome the existing osmotic 

K a 

pressure (it) of a solution. For a given feed concentration, the higher 

the applied pressure, the larger would be the permeate transport. This 
is experimentally shown in Figure 17- The permeate flux increases 
linearly with pressure until about 2413 kPa (350 psig), beyond which it 
starts to level off. By extrapolating the curve to zero flux, an osmotic 
pressure of about 138 kPa (20 psig) for the present system was determined. 
This is quite negligible compared to the applied pressure in the system. 
The study of the long term pressure effects was not quite com- 
pleted due to a premature shut-down of the extended aeration pilot plant. 
Figure 18 shows the flux ratio plotted against operating time for four 
applied pressures. As discussed by Johnston and Lim (1974), the spongy 
substructure layer of the cellulose acetate membrane densifies to an 
extent dependent upon the applied pressure and operating time. It is 
thus reasonable to expect that at higher pressures the flux drop due to 
membrane compaction would exceed that at lower pressures. However, 
within the experimental range of 1724 to 2413 kPa (250 to 350 psig), this 
prediction could not be confirmed. At 1724 kPa (250 psig), the flux 
drop was the slowest. The 2206 kPa (320 psig) curve coincided with the 
2068 kPa (300 psig) and these exhibited the least acceptable flux 
reductions. There were two curves for 2413 kPa (350 psig). For the 
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first curve, the flux drop was similar to that at 2068 kPa (300 psig), 
at least for the first eight hours. Because of a clogged filter, the 
system was shut down and restarted two hours later. The second curve 
for 2413 kPa (350 psig) shows very little flux drop. In fact, the flux 
was surprisingly stable for a period of about 14 hours. Thus, 2^* 1 3 kPa 
(350 psig) was perhaps the optimum upstream operating pressure for the 
system although the manufacturer suggested 2068 kPa (300 psig). Further- 
more, 2413 kPa (350 psig) was the upper limit of the linear relationship 
shown in Figure 17 and thus appeared to be the most effective operating 
pressure for the present system. As shown in Table 19, the pressure 
effect on solute removal efficiencies was not significant over this small 
variation in pressure although several of the parameters for 1724 kPa 
(250 psig) were below their expected performance levels. T0C and 
turbidity removal appeared to improve with increasing pressure. For the 
short term pressure effects, as shown in Table 20, the removal effi- 
ciencies of the organics decreased while that for the inorganics increased 
as the pressure was increased from 1379 to 3102 kPa (200 to 450 psig). 
This observed increase in organic rejection at higher pressures is well 
recognized in the literature on R0. It would appear that at higher 
pressure, the passage of pure water through the membrane increases in a 
predictable manner. The rejection of the charged ionic species, however, 
remains constant or may even increase due to the lower entropy of the 
ions in solution (Johnston, 1975). Such a theory could also explain the 
increased inorganic rejections which were observed at higher temperatures. 

The results indicating reduced organic removal at higher 
pressures exceed the values usually observed (45% to 67? rejections, 
Table C-4, Appendix C) , but otherwise are similar in tendency. The 
absolute magnitudes of these rejection limits are dependent on the 
inconsistency of reproducible levels of spectrophotometr i cal ly active 
organic species from one sample to another in natural sewage wastes. 
The UV results should only be used to indicate trends and not absolute 
or necessarily reproducible values with different effluents tested in 
different manners. The lower organic rejection at higher applied 
pressures is likely a consequence of preferential membrane-organic 
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TABLE 19. EFFECT OF 


PRESSURE ON REMOVAL EFFICIENCIES 












"^"---^^^ P r e s s u r e 
Parameter^*-^^^ 


250 psig 


300 psig 


320 P 


;ig 


350 p 


*ig 


TOC 


75-98.6"(79.7)"' 


63.6-99- 1 


(85.8) 


66.7-99 


(84.7) 


88.7-91.8 


(89.7) 


TIC 


87.5-93.8 (90.1) 


86.2-96.9 


(89.6) 


81.3-90.9 


(86.4) 


83.3-84.4 


(83.9) 


NO3+NO2 (N) 


44.1-49.3 (46.4) 


52.1-54.7 


(53.3) 


49.3-53.6 


(50.7) 


47.8-49.3 


(48.8) 


DIP (P) 


97.1-98.4 (97-5) 


96.8-99 


(98.4) 


98-98.7 


(98.4) 


73-3-98 


(89.7) 


TP (P) 


97.0-98.5 (97.7) 


96.9-98.9 


(98.3) 


98-98.4 


(98.2) 


91.6-99.7 


(96.5) 


COO 


89.9-94.7 (92.2) 


91.3-97-6 


(90.5) 


92.9-93.2 


(93.0) 


89.9-90.2 


(90.1) 


Colour (CU) 


50-75 (70) 


50-75 


(66.7) 


50 




50-75 


(58.3) 


Turbid i ty 
(JTU) 


40-75 (56.4) 


40-85.7 


(74.6) 


75-80 


(77.6) 


77.8-90.9 


(85.4) 


T. Hardness 
(CaC0 3 ) 


88.7-90.3 (89.5) 


90-92.9 


(91.8) 


86.7-89.8 


(88.0) 


91.7-92.4 


(92) 


TDS 


80-81.5 (80.5) 


81.4-87.1 


(83.4) 


79.7-86.4 


(83) 


81.5-82.6 


(82.2) 


FDS 


8 I.9-83. 4 (82.7) 


84.0-88.4 


(85.4) 


82.4-88.5 


(85.7) 


83.8-84.6 


(84.3) 


SS 


37.8-79.2 (62.7) 


40-72.2 


(56.2) 


58.3-68.8 


(65.3) 


72.2-75 


(74.1) 


Cl" 


76.78 (77.2) 


81. 3-83. 2 


(82.6) 


79.7-81.4 


(80.5) 


78.8-80.4 


(79.4) 


sor 


98.1-99-2 (98.6) 


98.8-99.0 


(98.9) 


98.2-99 


(98.7) 


97.9-98.3 


(98.1) 



* Range of % Removals. 
-* Average % Removal. 
Note: psig x 6.894 = kPa. 



TABLE 20. PRESSURE EFFECT ON ORGANIC AND INORGANIC 
SEPARATIONS 



Appl ied 

Pressure 

(psig) 


% Difference (Feed vs Permeate) 


UV (Organics) 


Conductivity (Inorganics) 


200 
250 
300 
350 
400 
450 


75.4 
73.4 
70.0 
68.1 
68.2 
68.4 


85.2 
86.3 
87.6 
88.2 
89-5 



Note; psig x 6.894 = kPa, 

interactions whereby a layer of certain organic species is preferentially 
adsorbed at the polymer-solution interface. The concentration-polarization 
region reduces the net driving pressure in the R0 system. Also, the 
proximity of the organic species enables solution-diffusion organic 
transport mechanisms to occur to a greater extent than would normally be 
possible, thereby reducing solute rejection. 

4.2.4 Spiked nutrient studies 

The nutrient concentrations (especially of phosphorus) in the 
secondary sewage were very low in most of the natural samples examined. 
To test the effectiveness of R0 in removing nutrient at high concen- 
tration levels, the sewage was spiked with appropriate nutrients. The 
six phosphate and four nitrogen-containing salts employed in the labora- 
tory studies were added to the sewage to increase the original nutrient 
concentrations by about 10 mg/L (as P and N) . The pilot plant was 
operated either in a recycling or concentrating mode with an initial 
solution volume of 635 litres ( 1 40 Imperial gallons). Secondary sewage 
from the Burlington Skyway Sewage Treatment Plant before chlorination 
was also used in this study. 
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The preliminary results were of sufficient interest to 
encourage the extension of this phase of the work to various operating 
modes with or without chemicals added to both sewage and tap water. The 
permeate fluxes for 10 operations were plotted against the operating 
time in Figure 19. Curves 1 and 2 were obtained using the secondary 
effluent from the extended aeration pilot plant with nutrient added. 

The flux drop shown by Curve 1 was much faster than the normal 
once-through operation without spiked nutrient (e.g., compared with 
Figure 12). The pH of the feed solution was increasing steadily from an 
initial value of 6.6 to pH of 7-8 after about 10 hours of operating time. 
These pH values were increased when the system was concentrating the feed 
to recover up to about 85% of the water (Curve 2). There was no pH 
control for this case and the final pH was 8.3- 

Secondary sewage from the BSTP was disinfected with 10 mg/L 
sodium hypochlorite before it was spiked with nutrient and fed through 
the system. This prevented microorganisms within the sewage from 
multiplying on the membrane surface and thereby fouling the film. 
Curve 3 shows that the growth of microorganisms within the recycled 
system did not present any problems. It also shows that the Burlington 
Skyway sewage fouled the membrane much faster than did that from the WTC 
pi lot plant. 

Laboratory results on nutrient removal showed no sign that 
nutrients caused excessive fouling. To elucidate this on the pilot 
plant scale and to prove that the rapid fouling was not caused by the 
nutrient, three experiments using base line sewage were carried out with 
the results shown by Curves k, 5 and 6. Curves 5 and 6 were similar to 
Curves 1 and 2, respectively. Curve 4 was the best, but still showed an 
abnormal fouling rate. Thus, the abnormal fouling was obviously caused 
by the circulation of the solution in the system. 

The steady increase in pH observed in all these experiments 
suggested that the presence of some species capable of easily fouling 
the membrane was encouraged in basic solutions. Iron was a possible 
source of contamination in the system (mostly from the heat exchanger) 
since rusty water was observed to form in this source whenever the system 
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was shut down for any appreciable period. This iron would be expected 
to accumulate in the circulating feed solution, especially if the 
solution was spiked with certain chemicals. The iron could exist as iron 
hydroxide or might react with the added phosphates to form insoluble floe 
or particles and thereby cause immediate membrane fouling. The nature 
of iron hydroxide fouling on RO membranes has been explained by Jackson 
and Landolt (1973), and will not be amplified here. 

The concentrations of dissolved iron and copper were checked 
for sample series 179-F to 194-P. In this series, tap water spiked with 
nutrient was used as feed solution. As shown in Table C-2, Appendix C, 
the dissolved concentrations slightly increased with time (e.g., from 
0.09 to 0.10 mg/L for iron and 0.01 to 0. 1 8 mg/L for copper). The pH 
was controlled at 6.0 for this operation. When the pH was increased to 
8.0, the concentration of dissolved metal lies dropped sharply to less 
than 0.04 mg/L indicating that at least half of the metals in the 
solution were insoluble under those conditions. As the pH of this 
solution was lowered to 6.0, the concentration of the dissolved material 
immediately increased. 

Curves 7 and 8 clearly illustrate the importance of pH in 
keeping the foulant in solution to maintain high permeate flux. Curve 7 
shows the same accelerated flux drop when the pH was controlled at 8.0, 
but as soon as the pH was lowered to 6.0 the flux increased almost 
linearly, presumably proportionally to the rate of red i ssol ut ion of the 
foulant. 

Comparison of Curves 8 and 9 indicates that nutrients (sodium 
and ammonium salts) accelerate the metallic dissolution process and 
hence cause larger flux drops than in cases where no nutrient is present. 
Curve 10 illustrates a once-through operation where no accumulation of 
foulants was possible (normal flux drop behaviour). 

The removal efficiencies of all constituents were more or less 
constant. The same removal efficiencies were maintained in either the 
once-through or spiked chemicals recycle operations. Feed concentrating 
operations with up to 85% water recovery showed no indication of reduced 
efficiencies. In fact, rejections for many constituents such as COD, TH 
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and TDS were actually slightly increased with continued recycle. In 
both the recycling and concentrating processes (Sample Series 139"^ to 
155-C) the phosphorus concentrations in the feed decreased with time, 
further confirming that phosphates were being precipitated (likely by 
iron) in the system and were probably accumulating on the membrane 
surface to cause membrane fouling. 

With about 85% of the water being recovered in the concentrating 
process, the concentrations for all constituents increased by at least 
70% (except for N0 3 /N0 Z which increased by kit and DIP and TP which 
decreased by kit and 191, respectively). The increase in the suspended 
solids loading provided an opportunity to test the removal efficiency of 
the R0 system. The results were 95% for SS. Ammonia removal was also 
relatively stable at 50% to 70% when ammonium salts were added to the 
feed. 

It is noteworthy that when nutrient spiked tap water was used, 
the removals of nutrient were slightly poorer as the pH was lowered. 
Nutrient removals thus appear to be pH sensitive, with neutral or 
slightly basic solutions encouraging higher rejections. Nonetheless, 
most rejections remain high despite minor variation in pH. Nitrate and 
nitrite removals from non-sewage solutions were more efficient than those 
involving sewage, suggesting that N0 3 and N0 2 exist in sewage in a form 
which is relatively difficult to reject. 

The UV results, as shown in Table C-h, Appendix C, indicate 
that the percentage differences in organics were fairly constant at 58% 
for the recycling process, but the values decreased gradually from 59£ 
to *t8.6% in the concentrating process as a consequence of surface ad- 
sorption and the concentration-polarization effect. 

it. 2. 5 Salt rejection, flux drop and membrane cleaning 

The performances of the eight individual modules are presented 
in Figures 20 to 27. The performance of the modules in combination is 
given in Figure 28. In these figures, the percent rejection of NaCl and 
the corresponding permeate flux were plotted against the date of 
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Module No 1 (NaCI 90 ) 
Pressure 300 psig 
Temperature 80° F 
Feed Flow rate 4 Igpm 
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OPERATING CONDITIONS: 

Module No. 4 (NaCI 90 ) 
Pressure 300 psig 
Temperature 80° F 
Feed Flow rate 4 Igpm 
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OPERATING CONDITIONS: 
Module No. 5 (NaClgo) 
Pressure 300 psig 
Temperature 80° F 
Feed Flow rate 4 tgpm 
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Temperature 80 ° F 
Feed Flow rate 4 Igpm 
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OPERATING CONDITIONS : 

Module No. 7 <NaCI 75 ) 
Pressure 300 psig 
Temperature 80 °F 
Feed Flow rate 4 Igpm 
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SODIUM CHLORIDE REJECTION AND PERMEATE FLUX 
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FIG. 27 SODIUM CHLORIDE REJECTION AND PERMEATE FLUX 
VS DATE OF OPERATION FOR MODULE No. 8 
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FIG. 28 SODIUM CHLORIDE REJECTION AND PERMEATE FLUX 
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operation. The membrane cleaning dates and methods were also marked on 
these figures. Table 21 compares the initial and final performances. 

From an examination of these figures and Table 21, the 
following tendencies may be noted: 

1. The NaCl 75 membranes fouled more readily than the NaCl 90 
membranes. The final performances for the NaCWs 
membranes were only about 11% of initial salt rejection 
and less than dk% of the original flux, whereas the 
NaC1 90 membranes maintained 90% to S&% of their original 

f 1 uxes. 

2. Flux drop was more sensitive to membrane fouling than 
was salt rejection for both types of membrane as 

i 1 lust rated in 1 . 

3. NaCl 75 membranes responded favourably to membrane 
cleaning, flushing and "relaxation". 

it. All membranes (especial ly NaC 1 7 5) showed sharp initial 
flux drops followed by a characteristic saw-toothed 
fluctuation which gradually levelled off. 

5. The overall performance of the eight-module system was 
reduced to 86% of the initial salt rejection and 68% of 
the original flux. 

The susceptibility of NaCl 75 membranes to fouling was largely 
due to the larger pores and irregularities on the membrane surface which 
tended to adsorb and trap colloidal particles, thereby reducing the 
number of active sites available for water transport. If the fouling 
was primarily due to this physical blockage of the active sites rather 
than chemical bonding between the foulants and the surface, then simple 
flushing and depressur izat ion processes should be sufficient to loosen 
the foulants and restore the original fluxes. 

When treating sewage which contained a variety of chemicals 
in soluble and suspended forms, both physical and chemical foulings were 
bound to be met. Thus, daily flushing would not completely restore the 
initial fluxes. Chemical cleaning methods were, therefore, occasionally 
employed. Enzyme detergent cleaning was sometimes extremely effective 
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TABLE 21. 


COMPARISON OF INITIAL AND 


FINAL PERFORMANCES OF THE 


REVERSE 


DSMOSIS MODULES 


Module 


% 


Reject ion 


Permeate Flux (igpm) 


Permeate 


Flux (|g 


pd/ft 2 ) 


Initial 


Final 

— 


Mean 


Initial 


Final" 


Mean 


Initial 


Final 


Mean 


1 


90.8 


85-0 


82.5 


0.073 


0.054 


0.058 


1.42 


1.05 


1.13 


2 


73.2 


5^.0 


59.0 


0. 131 


0.070 


0.080 


2.55 


1.36 


1.56 


3 


94.6 


91.0 


91.0 


0.049 


0.040 


0.044 


0.95 


0.78 


0.86 


4 


90.0 


80.0 


82.0 


0.075 


0.058 


0.062 


1.46 


1.13 


1.21 


5 


93.5 


90.0 


91.0 


0.051 


0.040 


0.045 


0.99 


0.78 


0.88 


6 


74.6 


56.0 


60.0 


0. 119 


0.076 


0.080 


2.32 


1.48 


1.56 


7 


74.6 


54.0 


59.0 


0. 116 


0.073 


0.080 


2.26 


1.42 


1.56 


8 


93.2 


83.0 


84.0 


0.066 


0.052 


0.058 


1.28 


1.01 


1.13 


Comb ined 


81.3 


70.0 


75.0 


0.731 


0.500 


0.500 


1.42 


9-73 


9-73 



* After four months of operation. 

Notes: Total membrane area 74 ft 2 (6.87 m 2 ). 

Igpm x 0.075 = L/s. 

Igpd/ft 2 x 0.0**9 = m 3 /d/m 2 . 



(e.g., on April 29 and July h) , but It generally served only to maintain 
the flux at a reasonable level. Citric acid solutions (0-5%) were also 
tried and, interestingly: (1) the cleaning solution after circulation 
through the R0 modules became greenish yellow in colour, indicating that 
perhaps some materials and/or microorganisms were being dissolved and 
washed out of the modules; and (2) small pieces of scale were flushed 

out of the modules. 

Sodium hypochlorite solution was first used on July 2 to ensure 
that no microorganisms remained in the system after a week-long shut-down. 
This sterilization technique, followed by citric acid and detergent 
washes, was very effective and both salt rejection and flux increased to 
values higher than their means. 

The abnormal fouling rate observed in the spiked nutrient 
study was, as discussed before, mainly due to the precipitation of iron 
complexes in the solution. The combined flux level fell to a low of 
0.015 L/s (0.2 Igpm) which was only 27% of the original flux. However, 
tap water flushing at the end of the experiment was adequate to remove 
most of these foulants and to restore the high flux. 

At the beginning of the pilot plant program, the NaClys 
membranes contributed 5*t of the combined permeate flux, thereby exerting 
the controlling effects on the overall performance of the complete R0 
system. At the conclusion of the four-month operating period, these 
membranes were fouled to such an extent that they could optimally con- 
tribute only kj% of the combined permeate flux. Consequently, the 
overall performance of the system became predominantly dependent on the 
NaCl 90 modules. Thus, overall removal efficiencies should have increased 
during the course of a study such as this in which fouling occurs to a 
significant extent. However, because the NaCl 90 membranes were also 
adversely affected by the foulants, their performance was reduced 
slightly, although they always maintained at least 90% of their original 
performance. Thus, permeate flux necessarily declined with increased 
fouling, but the removal efficiencies of most chemical constituents 
remained essentially constant since the $0% membranes became the con- 
trolling influence on overall selectivity of the system. 
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4.2.6 Preliminary cost estimations for a research-oriented reverse 
osmosis pilot plant 

As has been previously mentioned, the optimizations of 
operating conditions carried out in this program were for ultimate 
module performance and no attempt was made to optimize the costs for the 
treatment of municipal wastewaters by reverse osmosis. However, the 
capital and operating costs for the present pilot plant are presented 
in Appendix D for the above research purpose. These costs can in no 
way be considered to approximate actual costs of a completely cost and 
efficiency optimized pilot plant or full scale plant. 
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NOMENCLATURE 

F Feed 

F 1 Filtered Feed 

C Concentrate 

MF Mean Feed 

Perm (P) Permeate 

P 70 Permeate from NaCl 70 Membrane 

P 90 Permeate from NaClgo Membrane 

NaClro, NaClgo Membranes with 70% and 30% Salt Rejections, Respectively 

psi or pslg Pounds per Square Inch 

kPa K! lopascals 

TOC Total Organic Carbon 

TIC Total Inorganic Carbon 

NH3 Ammonia (as N) 

N0 3 and N0 2 Nitrate and Nitrite (as N) 

DIP Dissolved Inorganic Phosphate (as P) 

COD Chemical Oxygen Demand 

BOD5 Five-Day Biochemical Oxygen Demand 

TH Total Hardness (as CaC0 3 ) 

TDS Filterable Residue or Total Dissolved Solids (TDS) 

DFS Fixed Filterable Residue or TDS (550°C) 

NF (105°C) Nonf i lterable Residue or Suspended Solids (SS) 

FNF (550°C) Fixed Nonf i 1 terable Residue or SS (550°C) 
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APPENDIX A 
LABORATORY PREPARATION AND TESTING OF MEMBRANES 



APPENDIX A 

Membrane Preparation 

Membranes were cast on 0.64 cm (1/4 in) thick, 20-3 x 25.4 cm 
(8 x 10 in) Pyrex plates by drawing the solution across the surface with 
a 1.27 cm (1/2 in) diameter Pyrex rod. Thickness of the membrane was 
controlled by the appropriate choice of the runner material (electrical 
tape) fastened to the parallel outer edges of the casting plate. The 
membranes prepared in this manner had a uniform thickness of 0.12 mm. 

Because of the sensitivity of this particular casting formu- 
lation to variations in temperature and humidity (Kunst and Sourirajan, 
1970), all relevant parameters were carefully controlled through the 
use of a specially designed casting room. The temperature of the glass 
rod, the casting plate and the casting solution, was 10°C (50°F) . The 
atmosphere was maintained at 30°C (86°F) , as was the surface on which 
the casting plate was placed during membrane fabrication. Relative 
humidity was 65%. Following casting, solvent was allowed to evaporate 
from the surface of the membrane for sixty seconds. The membrane on 
the glass plate was then immersed for several hours in a 1°C to 2°C 
(34°F to 36°F) gelation bath of distilled water. Membranes were cut to 
the size required for test purposes and each was shrunk for ten minutes 
in a water bath at a specified temperature. This controlled the 
porosity and, therefore, the rejection ability of the membranes. 

Subsequent to shrinkage, membranes were mounted in the static 
cell and pressurized in distilled water at 2068 kPa (300 ps i ) for 
several hours. Membranes were allowed to "relax" overnight and were 
tested the following day for their solute rejection ability with a 
3500 mg/L NaCl aqueous solution at 1724 kPa (250 ps i ) . These are 
referred to as standard test conditions and they were used when defining 
the reference rejection levels of different membranes. All experiments 
were carried out at room temperature [23°C to 25°C (73°F to 77°F)] and 
any variation in permeation rate with temperature was adjusted to a 
reference temperature of 25°C (77°F) on the basis of the relative 
viscosities of water at various temperatures. Conductivity readings 
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were carried out at 25°C (77°F) in order to determine the solute concen- 
tration in the permeate and the mean solute concentration in the feed. 
The "mean" feed solution consisted of equal aliquots of the initial feed 
solution and the residual concentrated feed solution at the end of the 
permeation test. 

Membrane Testing 

Although the static test cell (Figure 1 in the text) and 
related components were capable of withstanding in excess of 20682 kPa 
(3000 psi), a pressure of 172*+ kPa (250 psi) was used in this phase of 
the study. A cylinder of compressed N2 gas in conjunction with an 
appropriate tank-mounted regulator and precision in-line gauge enabled 
accurate control of applied pressure. All components in the system 
were 316 type stainless steel and all line fittings were of the Swagelok 
type (also 316) . 

The tubular reservoir portion of the cell was 4.1 cm (1-5/8 in) 
0D and 3.5 cm (1-3/8 in ID) 316 SS pipe (a), threaded at each end and 
butted against an 0-ring seal (b) which was seated in both the top and 
bottom fittings. The length of the reservoir tube could be varied to 
accommodate different volumes of liquid, but the volume of the cell 
illustrated in Figure 1 was approximately 200 ml_. The top of this tube 
was fitted with a solid stainless steel cap (c) equipped with a high 
pressure gas inlet port (d) [0.64 cm (1/4 in) 5wagelok male connector] 
and the bottom of the tube was screwed into a modified 47 mm Millipore 
high pressure filter holder (e) . This filter holder enabled the R0 
membrane to be held securely in place and the 0-rings in the top portion 
of this section ensured that permeations could take place only through 
the membranes and no leakage could occur around the edges. The top (f) 
and bottom (g) halves of the membrane-containing structure were held 
firmly together by six bolts (h) which could be easily undone to permit 
rapid membrane replacement. A permeate collection port (i) was made as 
shown by blocking the original cell fitting with a threaded plug and 
inserting and fastening a collection tube through a hole drilled at an 
appropriate angle to permit unimpeded collection of the permeate. The 
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membrane support screen ( j ) , mounted flush in the base of the cell, 
permitted unrestricted passage of the permeate through the membrane and 
into the collection port. A single layer of nylon fabric was placed 
between the back of the membrane and the top of the support screen to 
reduce membrane abrasion as well as aid permeate flow. A threaded 
shaft (k) was mounted through the centre of the tubular solution 
reservoir and was affixed to the static cell by a screw mount in the 
centre of the top pressure cap. This was held firmly by a lock nut (l). 
This shaft was centered at the lower end by being passed through a 
porous circular disk (m) containing a maximum number of drilled holes 
to permit free circulation of fluid within the cell. On the upper side 
of this perforated circular support was a lock nut and on the lower side 
was a second nut. A threaded sleeve was fitted into the upper end of an 
Amicon stirrer assembly (n) , thus enabling the stirrer to be easily 
raised or lowered by controlled increments by simply threading the two 
locking nuts and the stirrer assembly to the desired height on the 
central shaft and then tightening these against each other on either 
side of the porous centering disk. When the cell was assembled, this 
stirrer (0) could be activated by mounting a calibrated magnetic stirrer 
immediately beneath the bottom portion of the high pressure filter 
holder. As stainless steel Is non-magnetic, no impediment was presented 
to the efficient operation of the stirrer by this external source. The 
effective membrane area In the cell was 13-3 cm 2 . 
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APPENDIX B 
PILOT PLANT EQUIPMENT 



APPENDIX B 

General: A detailed list of all pilot plant equipment, the suppliers, 
and functions, is presented in Table B-l. 

(a) Pretreatment Unit 

In the pretreatment units (Figure 7). secondary sewage was 
pumped via the supply pump (1) into a 100 Igal holding tank (*t) . The 
flow rate was adjusted to exceed that required by the R0 system so that 
the tank was always maintained at the overflow level. Minor agitation 
in the holding tank was provided by the turbulent flows of the sewage 
supply and by the by-pass from the filter pump (2). From the holding 
tank, the filter pump transported the sewage through filters (3, 5) and 
a heat exchanger into a mixing tank (13)- Two types of filter were 
employed and these could be used in either series or parallel, or they 
could be by-passed entirely. The Auto-Klean (3) filter was a reusable 
cartridge type. It could be back-washed by draining through the bottom 
while rotating the handle on top of the unit to "comb out" any solids 
trapped in the filter slots (Figure B-l). Two CUNO Model 1 B2 cartridge 
filters (5) with 75 micron disposable filter media were also used. These 
were connected by a three-way ball valve so that only one was in oper- 
ation while the other was on stand-by. This permitted cartridges to be 
changed without interrupting the flow. The flow rate through the filters 
was maintained at slightly less than, or equal to, that required by the 
R0 system. The level control (19) on the mixing tank activated a 
solenoid valve to increase the flow when the fluid in the mixing tank 
dropped below a desired level. Flow through the heat exchanger was 
regulated either manually or automatically to maintain a desired temp- 
erature in the mixing tank. A Beckmann Model 9^0 pH Analyzer and 
probe (10) continuously monitored the pH of the fluid and could activate 
either acid or base pumps (7) to maintain pH within the desired range of 
k to 8. An alarm also sounded if the pH exceeded the appropriate limits. 
A stainless steel cooling coil (12) in the mixing tank was used only when 
the operation of the heat exchanger was restricted due to corrosion (e.g., 
running sodium chloride solution). 



TABLE B-l. PILOT PLANT EQUIPMENT LIST 



-c- 



Equ i pment 
CONTROL 

Level Switch 



pH Analyzer 



Pressure Switch 



Temperature 



Identification, Capacity, etc, 



Bindicator Model GT-1 



Beckman Model 9*+0 and 
el ectrodes 



Type J7, 0-100 psi 

0-500 psi 



Fisher transistor relay 
model 32 and thermoregulator 



Suppl ier 



Peacock Brothers, 

Mi ss i ssauga 



Beckman Inst. Inc. 
Toronto 



United Electric 
Controls (Canada) , 
Mi ss i ssauga 

Fi sher Sci . Co. Ltd. 
Toronto 



Funct i on 



In holding tank: shuts down 
pump on low level . 
In mixing tank: maintains feed 
level in mixing tank. 

Measures and controls pH of feed 
in mixing tank by turning on 
acid or base pump and sounding 
an alarm on too extreme pH. 

Shuts down Gould pump on pres- 
sures out of 100-500 psig range. 

Maintains constant feed temp- 
erature. 



FILTER 

Auto-Klean 

Cartr idge 

Strainer 



CUN0 Type G, 0.0035" 5.5, 
cartridge spaci ng 

CUN0 Model IB2, 75u. 

Common Y type pipeline 
st rai ner 



Peacock Brothers, 
Mi ss i ssauga 

Peacock Brothers, 
Mi ssi ssauga 

Any plumbing supplier. 



First stage removal of solids in 
feed. 

Second stage removal of solids 
in feed. 

Removes coarse solids to prevent 
plugging of cartridge filters. 



HEATING/COOLING 
Heat Exchanger 

Boi ler and Control 
Swi tches 



Armstrong Model WkJ-kl 
4-pass 

Teledyne Laars Model HB- 
154, 12*t,000 BTU/Hr output 

Lighting mixer, Model NS- 1 
i h.p., single propeller 



S.A. Armstrong Ltd. , 
Toronto 

Ross 5 McNeilage Ltd., 
Toronto 

Greey Mixing Equ' t. , 
Toronto 



Heats up or cools down process 
fluid. 

Supplies and circulates hot water 
to heat exchanger. 

Mixes mixing tank contents al- 
lowing efficient neutralization 
and temperature control. 



TABLE B-l. (C0NT'D)-2 



\J5 



Equi pment 

PIPING, FITTINGS, 
VALVES 

PVC 



Stainless steel 



Solenoid 



PUMPS 
Supply 

Fi Iter 

RO 

Heat Exchanger 
Acid/Base 



REVERSE OSMOSIS 
MODULES 



Identification, Capacity, etc. 



Schedule 80, 2" to f* 1 size 
normal ly 1" 

Swagelok 

3/V' Asco, 2-way normally 
closed, model 8210D95 



Suppl ier 



Funct ion 



Crane-Deming Fig. 3906 
centrifugal pump 1/3 h.p. 

Price Pump Type Hp, Close 
Coupled centrifugal pump 
I h.p. 

Gould Multistage Centri- 
fugal Model MB 3933, size 
13^00 7i h.p. 

Armstrong Mode! S-25, 1/12 h.p. 



Varistaltic Junion Model 



Westinghouse Type A-90 
and A-75 



Industrial Plastics, 
Fort Erie 

Niagara Valves £ 
Fi tt ings , Hami 1 ton 

Conval Equipment Ltd., 
Downsview 



Crane Canada Ltd. , 
Rexdale 

RAB Engineering Ltd., 
Downsview 



Goulds Pumps I nc. , 
Seneca Fal 1 s , N. Y. 



S.A. Armstrong Ltd. , 
Toronto 

Manostat Pumps c/o 
Canlab Ltd., Toronto 



Westinghouse Electric 
Corp. , Phi ladelphia 



Handles low pressure and cor- 
rosive fluid. 

Handles high pressure and cor- 
rosive fluid . 

To increase fluid flow into mix- 
ing tank when activated by level 
switch. To let cold fluid by- 
pass heat exchanger for regula- 
tion feed temp. 



Transports process fluid from 
source to system. 

Pumps fluid from holding tank to 
mixing tank through filters and 
heat exchanger. 

Drives process fluid through RO 
Modules. 



Circulates hot water through heat 
exchanger 

Delivers acid or base into mix- 
ing tank when activated by pH 
analyzer. 

See Figures. 



TABLE B-l. (C0NT'D)-3 



Equipment 
ROTAMETER 



Identification, Capacity, etc. 



Suppl ier 



Funct i on 



Concentrate 



Permeate 



Brooks Inst. , 15 GPM 
Model 1305 

Schutte and Koerting 5 L/min 
Model 1042 



Brooks Inst. , 
Markham 

Brain Engineering Ltd., 
Kitchener 



Measure concentrate flow rate. 



Measures permeate flow rate. 



U3 
ON 



SAMPLER 

TANK (POLY- 
ETHYLENE) 

Ho 1 d i ng 
Mixing 



ISCO Model 1391 Sample 
Col lector 



100 Imperial Gal Ions 



J+5 Imper ial Gal Ions 



Instrumentat ion 
Specialties Co. Ind., 
Lincoln, Nebraska 



Rosedale Plastics, 
Toronto 



Collects composite samples 
daily. 



Surge and reservol r for process 
fluid. 

Mixing container for pH and 
temperature controls. 



Product 



30 Imper ial Gal Ions 



Reservoir for permeate. 



TABLE B-2. REVERSE OSMOSIS PILOT PLANT SYSTEM SPECIFICATIONS 



REVERSE OSMOSIS SYSTEM : 

(1) No. of Modules 

(2) Salt Rejection 

(3) Total Capacity 
(*t) Array 

MEMBRANE CONFIGURATION 

MODULE DESIGN : 

(1) Dimension 

(2) Tubes per module 

(3) Tube size 

[k) Area per module 

MATERIALS OF CONSTRUCTION : 

(1) Membrane 

(2) Porous support 

(3) Module shell 
CO End caps 



5 with 90%, 3 with 75% 

h.Sk m 3 /d (1000 Igpd) pure water 

2 in series per level, with k parallel levels 

Tubular 



10.16 cm O.D. x 1.22 m (V x V) 

18 in series 

1.27 cm W 1 ID) 

0.86 sq m (9.25 sq ft) 



Modified cellulose acetate 

Resin - bonded sand with an epoxy material 
sealed at the ends 

30^ stainless steel cylinder 

Power stainless steel 



(5) Plumbing and valve: 316 stainless steel 



PUMP: 



Goulds multistage centrifugal; 
Model MB3933, Size 13^00 



PRESSURE AND TEMPERATURE: 



Normal = 300 psi (2068 kPa) and 27°C (80°F) 
Maximum = 1*50 psi (3102 kPa) and 37-7°C (100°F) 



SUPPLIER: 



Westinghouse Electric Corporation, 

Power Generation Division, 

PHILADELPHIA, Pennsylvania 19113, U.S.A. 



TYPE G 

125 P.S.I at 200°F 
34" NPT CONNECTIONS 




TURN THE HANDLE- FILTER CARTRIDGE IS CLEANED 

FIG. B-1 AUTO-KLEAN FILTER 
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(b) Boiler and Heat Exchanger 

The heat exchanger was a standard four-pass tube and shel 1 
type with copper tubes, brass head and steel shell and baffles 
(Figure 8). It could be used either for heating or cooling the process 
fluid, as shown in Figure B-2. The heat source was provided by the hot 
water circulating through a 15^,000 BTU/hour boiler fuelled by propane 
gas. This boiler, in combination with the heat exchanger, had sufficient 
capacity to heat 0.3 L/s (^ Igpm) of water from 7°C to 25°C (A5°F to 77°F) 
Cooling water could also flow through the exchanger and was discharged 
directly to the drain. Since the sewage temperature was always lower 
than the normal operating temperatures [25°C to 27°C (77°F to 80°F)], 
the heat exchanger generally operated in a heating capacity. Cooling 
was only required when the concentrate and permeate were recycled to 
the mixing tank. During this recycle operation, the fluid tended to 
gain heat from the high pressure pump driving the R0 system. 

(c) Product Tank and Water Samplers 

In this study, both the concentrate and permeate from the RO 
system were discharged directly to the drain. There was no 
post-treatment for the concentrate nor reuse of the permeate. However, 
permeate was sometimes retained in product storage tanks (Figure 8) and 
employed in the membrane cleaning and flushing operations. In the 
recycle mode of operation, both the concentrate and permeate flowed back 
to either the holding tank or the mixing tank as desired. 

There were three ports for collection of samples, as indicated 
in Figure 6: one for the permeate at the permeate pipe immediately after 
the rotameter; one for the feed at the filter pump before filtration; 
and one for the feed at the mixing tank after filtration. However, the 
samples collected at these two feed locations were experimentally found 
to have no significant difference in the analytical parameters except 
for suspended solids. Therefore, only two samplers (Figure 9) were 
employed, one for permeate and one for the feed before filtration. 

A composite sample was normally collected over a seven or 
eight-hour period with a sampling interval of 30 minutes. Both samplers 
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All switches are wired in series; circulator wired separately. 



FIG.B-2 Flow Diagram for Heat Exchanging System 
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FIG.B-3 BLUEPRINT FOR WESTINGHOUSE REVERSE OSMOSIS SYSTEM 



operated simultaneously and collected samples of approximately equal 
volumes. These composite samples were then transferred into sealed 
containers, usually 2k hours after start-up, and delivered to the Water 
Quality Laboratory for analysis. 

{d) Reverse Osmosis System 

The reverse osmosis system was supplied by the Westinghouse 
Electric Corporation, U.S.A. As shown in Figure 9 and Figure B-3, the 
system consisted of eight modules mounted on an appropriate rack and 
driven by one high pressure pump. 

(i) General Description 

The reverse osmosis module system was designed to be operated 
with a variety of wastewaters and incorporated all stainless steel 
(30^ or 316) materials. The design of the plumbing allowed feeds to 
flow through two modules in series at each level, with four parallel 
levels. Sewage discharged from the pump entered a vertical feed 
manifold where it simultaneously passed into the four modules on one 
bank (Modules #1 to #4) and thence to the paired modules in the second 
bank (Modules #5 to #8). Final discharge was through the vertical 
concentrate manifold. The design of the valving in this system allowed 
the operation of any horizontal pair or combination of pairs of modules 
on the rack. Any pair of modules could be effectively isolated from 
the system by closing the valves in the horizontal module feed and 
outlet branches of the manifold. In the present study, all eight 
modules were employed concurrently. 

Permeate from each module passed through two 0.6*4 cm {\/k in) 
ports on the module shell to a three-way ball valve on the module 
selection panel [Ref. (6) in Figure 9]- This directed the permeate 
flow either into a common permeate header or into a sampling tube. This 
module selection panel was one of three modifications carried out on the 
commercial system to enable a study of individual module performance. 

Another modification to the Westinghouse system was the 
addition of two 1.9 cm (3/4 in) stainless steel ball valves on the feed 
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and concentrate manifolds between the high pressure pump and the back 
pressure regulator. This permitted an introduction of low pressure 
tap water and/or air-water mixtures (for cleaning purposes) into the 
modules when the system was shut down. 

The feed flow rate and pressure were varied by adjusting the 
by-pass valve on the high pressure pump and back pressure regulator 
until the desired combination of operating conditions was achieved. 
The permeate and concentrate flow rates were measured by two rotameters 
[Ref. (3), (5) in Figure 9]. 

( I i ) Reverse Osmosis Module 

The membranes used in the pilot plant study were modified 
cellulose acetate tubular membranes. Each module contained 0.86 m 2 
(9-25 ft 2 ) of active membrane area. As shown in Figures B-^* and B-5, 
eighteen 1.27 cm (i in) diameter cylindrical membranes were cast 
directly onto a 10 cm (k in) diameter by 13 m (4 ft) long resin-bonded 
sand core. The sand provided rigid support as well as excellent 
porosity. A stainless steel (type 304) shell totally enclosed this 
sand-resin membrane supporting matrix. An epoxy material was employed 
to chemically bond the membrane, sand support, shell, and end seal 
together, thereby preventing non-permeated feed waters from reaching 
the product side of the membrane. Five of the modules had initial 
NaCl rejections of about 90% and the other three, 75%. 

(ili) Instal lat ion 

The modules were affixed to a skid-mounted rack which provided 
sufficient room for the modules, pump, and all auxiliary equipment, but 
which was small enough to be moved into the trailer through a standard 
sized door. The high pressure pump was an all stainless steel Goulds 
multistage centrifugal pump, Model MB 3933, size 13*400. It had 
52 stages and was driven by a 7i h.p., T.E.F.C. motor. The motor 
required electric power of 220 volts a.c, single-phase, 60 Hz and about 
30 Amps. Pump capacities ranged from 0.15 L/s to 1.2 L/s (2 to 16 gpm) 
and maximum working pressure was 4136 kPa (600 psig). 
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FIG.B-4 WESTINGHOUSE REVERSE OSMOSIS MODULE 

The power control box for the motor was located beside the 
motor. It was necessary to keep the area around the control box well 
ventilated to dissipate the considerable amount of heat generated by 
the motor. A small fan functioned adequately in this respect and power 
cut-offs due to overheating were avoided. 
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616 
94 .8 


s* f>l 


4.9 
<L.O 


75 


3.6 

< 1.0 


■75 


120 
23.5 


40.4^ 


213 
1.5 


M.37 


23:30- 
6:30 


127 - F 
121-F 




5. J 
0.6 


tl 61 


22.3 
3.4 


14.75 


0.01 S 
0.025 




134 
7.2 


47.13 


0090 
0.002 


97 .77 


0.22 
0.004 


94-11 


10. j 

.... 


90.2 


1110 

til 


10 
5 


0.0 

0.1 


215 1 

21.7 


92.46 


739 
U9 


12.54 


61b 
95.4 


84,44 


3.Z 
■ 1.0 


75 


2.1 
" 10 


M4.39 


114 
23,4 


79.12 


240 
4.5 


91,13 


6/6/74 

9:30- 

15:10 


Ut-F 
134 F 


6.6 


4.9 
0,4 


91.11 


21. 5 
J 6 


13-26 


0-01* 
0.023 




13.0 
6.6 


49.23 


0.050 
0.001 


91 


0. 31 

0.001 


99. T 


9.9 

■=1 .0 


49-9 


mi 

115 


10 
5 


1 .1 
0.1 


217. 7 
23.7 


91.74 


611 
113 


fll. 31 


515 
43. Z 


13.84 


3 6 

* 1 .0 


71.1 


3.6 
<1.U 


75 


11? 
24. t 


71.40 


240 
5.0 


97.92 


6/4/74 
ib:S0 
23:30 


IJ1-F 
IS?- 01 


6.6 


4.1 


69. is. 


19.4 
1.3 


12.99 


0.015 
0,04 




14.0 
7.4 


47,U 


0.040 
0.002 


95 


°-» j 94.46 
0. 004 


11.7 
7.5 


59.49 


1110 
191 


10 
5 


1,3 

Q. 1 


216.9 
2J.5 


92.2 


752 
134 


12,2 


631 
164 


83 . 7 


3.2 
• L.O 


>46.4 


4.4 
-1 .0 


>77.3 


120 
24 . .' 


7y.l 


Z50 
3.9 


91 . 


21:10- 
6:30 


lll-F 
1J4-F 


r. t 


5 t 
0.3 


90. 2 


19.9 
31 


• 4.4Z 


0.035 
0.610 




14.0 
7.4 


47. 14 


0.030 
0.001 


96.47 


0.22 
D.002 


9909 


25.2 
4.5 


66. 2 b 


mi 

115 


10 
5 


1 .2 
0.1 


21 J 9 

21.7 


92.4 


737 
116 


81. 5 


634 

92.4 


45.5 


4.1 

M-0 


'79.2 


4.0 
*1,6 


*73.0 


117 
21.4 


79,8 


24 

4 .0 


98.3 


4/7/7* 
6: JO 
15:10 


11S-F 

154-P 




5.0 
0.4 


92 


19.4 
3. 


■ 4. 54 


0.010 
0.030 




14.0 
7.2 


44.37 


4.049 
0.001 


97 .94 


0.19 
0.001 


99.47 


12. Z 
16.4 




1111 
149 


10 
5 


I .3 

0, L 


281.9 
22.7 


92.0 


7 60 
152 


100 


614 
95.6 


84 .4 


5b 

* I .0 


'12. '1 


3, Z 
*1. 


>6B.l 


114 
24,6 


79. 2 


240 
3 5 


94. 5 


4/13/74 
10:00- 
4:06 


137 F 
131-P 


fa, 8 


4* 

U.7 


Hi .* 


19 2 
1.3 


S6.1 


.075 
.070 




14.2 

7.1 


45.1 


.or 

.006 


91-4 


. Z2 
.012 


94.5 


41,5 
24. 5 


41 .6 




10 

5 


1 .4 
0.5 


161.4 
44,6 


12 . h 


777 
1SS 


82. 9 


641 

104 


44.4 


7,6 
1. 6 


71.9 


2.1 
•1*4] 


>64. 1 


11* 
24.5 


77.5 


2 59 
S.O 


97,0 


" Fil 


rr cloij| 


M 

































































TABLE C-l. (C0NT'D)-5 



tf&n 


na t 


finest I 




I0;01- 

5 :0O 


110-F 

111 p 


5:01- 
12:00 


III F 


12:01 ■ 

7 :Q0 


H4-f* 

145-P 


i go 




'/ 10/74 





^IHED VU'HlJtMT ^UDJtS 
US 



to 


wen 


tr 


1 E*fl 


1.: 


31- 


11 


30 


12 


-lo- 


2 


in 



; 1/16/ 7 
flint 



I ejoBiti 
I i ;oo- 

6j*5 



171*/ Ml 

kiina I 

10. 30- 
S : 00 pmi 



e JO- 
*4(JS pal 
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ISA l' 
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1 
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lb. J 
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169F 
170 p- 



11 : I5> 

i:4S 



174 F< 
17* .P 
176 I* 



10, S 
■ * 

10.4 

I, 9 



6.H 
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2.0 
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16.! 
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17 


a 


31 


s 


IS 


s. 


44 


s 


22 


s 



IS.u 
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0,19 
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MB.* 
96.0 
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| 98.1 
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1° 


04 


J 
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& 


11 


49 
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i 


a. 


12 
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97. 41 
S>7.» 
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JI7.4 

22.2 
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41.0 

41. 5 
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(H.U.) 



^CaCOi) | F H IIOS'CJ | F F R [iSO'Cj] * R 



P N I 15S0*C] 



2S1 
25.1 
247 
22.0 

2«7 

H , j 

24b 
21. 1 

252 

244 
27.3 



91.1 
91. S 
91.3 



67 J 
117 
■ 77 
It* 

8 6-J 



JlOl 
12140 



1O0O 


10 


Hi 


s 
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10 


in 


4 


looo 

174 


20 
S 


110 


ia 


IS3 


20 




10 

1 




10 



0.1 
0.3 



0.1 



i 2S4 
21.9 
Zlfi 

20. 4 



236.2 
214. 5 



Jtrj- | Cok. 1 »«■) . 



Cone . t ft* | . 



74.1 

71. i 



■■ 1 » ■«)■ 



■ S.b 
11.1 

13.0 



« 



445 

75. a 



4^9 
■ 2.1 



e.Lr 
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I Nh 
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■ 2.14 
13-51 



112 
61 + 



79. 27 
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TABLE C-2. 


result; 


J OF Tf 


IEATMENT OF TAP V 


IATER SPIKED Wl W 


NUI Kl tN 


i 












■ ■ i 


Date 


Sample 
No.* 


pH 


Dis. Iron 


Dis. Copper 


NH 3 


(N) 


N0 3 +NC 


h (N) 


DIP 


(P) 


TF 




Con cent rat ion- 


Concentrat ion 


Cone. 


% Rej. 


Cone. 


% Rej. 


Cone. 


% Rej. 


Cone. 


% Rej. 


23/7/7*+ 
Recy- 
cl ing 


179-F 


7.8 


0.04 


0.01 


4.7 


76.60 


7-1 


61.97 


7.0 


98 


8.0 


98. 13 


10:00 


180-P 


- 






1. 1 




2.7 




0. 14 




8. 15 




12:30 


























12:30 
3 = 30 


181-F 
182-P 


8.0 b 


0.03 


0.03 


«i.7 

1.1 


76,6 


7-3 
2.3 


68.49 


6.0 
0. 12 


98 


7.0 
0. 12 


98.29 


3:30 
6:30 


183-F 
184-P 


8.0 b 


0.04 


0.02 


A. 7 
1.2 


74.i»7 


7-4 
2.3 


68.92 


6.0 

0. 11 


98.17 


6.5 
0. 12 


98.15 


6:30 
7:30 


185-F 

186-P 


6.0 b 


0.02 


0.05 


5.1 
1.5 


70.59 


7.2 
2.4 


66.67 


6.5 

0. 19 


97.08 


6.5 

0. 19 


97.08 


7:30 
8:30 


187-F 
188-P 


6.0 b 


0.05 


0. 10 


5-3 

1.5 


71.70 


7.2 
2.5 


65.28 


7.0 
0.26 


96.29 


7.2 

0.26 


96.39 


24/7/74 


























Recy- 
cl ing 
10:00 
1 :00pm 


189-F 
190-P 


6.0 b 


0.09 


0.01 


5.3 
1.6 


69-81 


7.2 
3.0 


58.33 


9.0 
0.37 


95.89 


9.0 
0.37 


95.89 


1:00- 
5:00pm 


191-F 

192-P 


6.0 b 


0.09 


0. 14 


4.7 
1.6 


65-96 


7-1 
2.9 


59-15 


8.5 
0.32 


96.24 


9.0 
0.32 


64.44 


5:00- 
9:00pm 


193-F 
194-P 


6.0 b 


0.10 


0.18 


5-8 
1.7 


70.69 


7.0 

3.0 


57-14 


8.5 
0.3 


96.47 


8.8 
0.31 


96.48 


1 i ■ 

* - All concentrations 


in mg/L. 




















b - Control led pH. 






















F - Feed (Secondary sew 


age) . 




















P - Perme 


ate. 

























TABLE C-3. MICROBIOLOGICAL ANALYSIS OF FEED AND PERMEATE 



Sample 
No. 


Total Col 
/100 


i forms 

TIL 


Fecal Col 
/100 


i forms 

TlL 


Fecal Strep 
/1 00 1 


tococci 

HL 


Heterotrophs 
/mL 


Count 


1 Rej. 


Count 


% Rej. 


Count 


1 Rej. 


Count 


% Rej. 


19-30-F 
19-30-P 


2.8 x 10 1 * 
<1 


100 


7. 1 x 10 3 
<1 


100 


1.6 x 10 3 
<1 


100 


>5.0 x 10 1 * 
>500 


99 


59-F 
60-P 


1.7 x 10 s 
< 100 


100 


1.5 x 10 3 
<100 


>93.3 


6.0 x 10 2 
<100 


>83.3 


>5000 
8500 


? 


61-F 


S.k x 10 3 
<100 


>99 


1.3 x 10 3 
< 100 


>92.3 


<100 
<100 


? 


>5000 
5500 


? 


95-100-F* 
95-IOO-P 


7.4 x 10 1 * 
8 


100 


1.0 x 10 14 
6 


100 


1000 

32 


96.8 


_ 


- 


139-F 


2.2 x \0 h 




<100 




- 




1.2 x 10 6 




140-F 


9.5 x 10 3 




20 




- 




1.3 x 10 6 




142-F 

1 


2.4 x 10 3 




20 




- 




8.3 x 10 5 




l^-146-F* 


1. 1 x 10 3 




<20 




- 




1.5 x 10 6 




U1-U7-P 


<1 


100 


<20 




- 




1.2 x 10 6 





165-pi 


5 
<2 


>60 


- 




<2 
<2 


? 


170 
5.3 x 10" 




164-F2** 
165-P2 


5 
<2 


>60 


- 




<2 

<2 


? 


400 , 
1.3 x 10" 




t€*»R(** 


<2 


? 






<2 


? 


=5000 




165-P3 


<2 




- 




<2 




=5000 


— — 4- 



Composite sample from sample numbers indicated, 
NaOCL added. 



F Feed (Secondary sewage) 
P Permeate. 



TABLE t-k. ULTRA-VIOLET SPECTROPHOTOMETRY RESULTS 






Sample* 


Peak 
Height 


1 
% Rejection 


Sample 


Peak 
Height 


% Rejection 


107-F 
108-P 


1031 

*15 


59.8 


146-F 
147-P 


1713 

715 


58.3 


109-F 

110-P 


1231 
403 


67.3 


Concentrat i ng 
148-F 


1188 




111-F 
112-P 


931 
386 


58.4 


148-S 
148-SP 


1438 
590 


59-0 


117-F 
118-P 


825 
435 


47.3 


149-F 
150-P 


1750 
765 


55-1 


119-F 
120-P 


843 
430 


49.0 


151-F 
152-P 


2100 

980 


53-3 


121-F 
122-P 


800 
425 


46.9 


153- F 
154- P 


2625 
1350 


48.6 


123-F 

124-P 


775 

430 


44.5 


155-C 
Once-Through 


3275 




125-F 

126-P 


888 
435 


51.0 


156-F 

157-P 


1175 

580 


50.6 


127-F 
128-P 


868 
445 


48.7 


158-F 
159-P 


1238 
595 


51.9 


129-F 
130-P 


836 
435 


48.1 


160-F 
161-P 


1238 

580 


53.2 


COMP-F 
COMP-P 


850 
425 


40.0 


7/12/74-F 
7/12/74-P 


1200 

580 


51.7 


131-F 
132-P 


925 
480 


48.1 


Recycl i ng 
162-F 






133-F 
134-P 


913 
460 


49.6 


162-F 
163-F 


700 
688 




U5-F 
136-P 


913 

555 


50.1 


164-F 
165-P 


950 
400 


57.9 


Recycl ing 
139-F 


1538 










UO-F 
141-P 


1725 
780 


54.8 








l42~F 
143-P 


1713 
720 


58.0 








145"P 


1713 
720 


58.0 









* Composite sample from sample numbers indicated 

F Feed (Secondary sewage). 

P Permeate. 

C Concentrate. l]g 



APPENDIX D 
COSTS OF REVERSE OSMOSIS 






APPENDIX D 

General Costs 

The costs of all the equipment purchased for this program are 
itemized in Table D-l. The total capital cost was slightly more than 
$20,000, half of which was the cost of the reverse osmosis system. A 
few items here were only required for research purposes such as the 
expensive water samplers, stainless steel valves, fittings and piping. 
By either eliminating these items or replacing them with less expensive 
materials, the capital cost could be easily reduced to less than $15,000, 
The pretreatment unit was purposely over-designed to facilitate future 
expansion of the capacity of the reverse osmosis system. This is 
another area of inflated costs in the selection and design of equipment 
for this strictly research-oriented system. Also, the choice of an 
alternate R0 module design could reduce equipment costs by approximately 
$8,000. However, the tubular unit employed in this study had several 
definite advantages as a research instrument. 

Operating Costs 

By using the average permeate production rate of 0.038 L/s 
{0.5 Igpm) (Table 21) for the pilot plant, the operating cost to provide 
hS^O L (1,000 Imperial gallons) of permeate could be estimated and is 
shown in Table D-2. Chemicals (e.g., acid and base for pH control) were 
not used in normal operations and they were not included. Membrane- 
cleaning materials (e.g., detergents) were of negligible cost compared 
to the other expenses. The cost of operating personnel was excluded 
from these calculations. 

The operating cost was estimated to be $6.30 per 45^0 L (1,000 
Imperial gallons) of pure water from secondary sewage. The permeate 
quality would be expected to be as shown in Table 14. The costs of this 
research unit are 10 to 20 times greater than most reported literature 
ones because of the nature of this study. However, note that the sewage 
heating is unnecessary if the concentrate is partially returned to the 
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mixing tank where the heat generated by the high pressure pump is 
sufficient to heat the sewage. Also, the cartridge filters used in this 
plant are suitable for a very small capacity research-type system only 
where operator convenience was of a higher priority than cost. Appro- 
priate filtration techniques could reduce these costs more than 80%, 
depending on the methods selected. Electric power could also be reduced 
if a smaller Gould pump (e.g., k h.p.) was employed. This should be 
sufficient to provide a pressure of 241 3 kPa (350 psig) and 0.75 L/s 
(10 Igpm). By considering these alterations, the operating cost would 
be reduced below $1.85 per kS^O L (1,000 Imperial gallons) of permeate 
for an equivalent research system. Such a high cost is partially the 
result of the very low permeation rate. Employment of larger capacity 
units would bring down operating costs and these could be applied to the 
capital cost over a period of time. This would reduce the overall costs 
of R0 to a level comparable with that of other, more conventional, water 
and wastewater treatment techniques. 
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TABLE D-l. CAPITAL COST FOR REVERSE OSMOSIS PILOT PLANT 







Cost 


($)* 


Equi pment 








Individual 


Sub-totals 


Control 

Level switch 2 x 
pH Analyzer + probe 
Temperature 


92 


184.00 

1,292.00 

160.00 


1 ,636.00 


Fi Iter 

Auto-Klean 

Cartridge 2 x 


116 = 


91.00 
232.00 


323.00 


Heati ng/Cool ing 
Heat exchanger 
Boiler & accessories 
Plumbing £ Labour 




265.40 

430.00 
440.00 


1,135.40 


Mixer 




286.00 


286.00 


Misc. 




600.00 


600.00 


Piping 
PVC 

Stainless Steel 
Solenoid valve 2 x 


43.5 = 


700.00 

850.00 

87.00 


1,637.00 


Pumps 
Supply 
Filter 
Acid/Base 2 x 


150 = 


208.00 
225.00 
300.00 


733-00 


Reverse Osmosis System 




10,000.00 


10,000.00 


Rotameters 
Concentrate 
Permeate 




258.00 
189.00 


447.00 


Samplers 2 x 


1500 = 


3,000.00 


3,000.00 


Tanks 
TOTAL 




347.00 


347.00 


$20,114.40 



* Costs in 1974 dollars. 
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TABLE D-2. OPERATING COST ESTIMATE FOR REVERSE OSMOSIS PILOT PLANT 



1 tern 


Cost ($)* 


Research 


Al ternat i ve 


(1) Sewage Heating/Propane gas 

Sewage temperature 21°C (70°F) 
Operating temperature 27°C (80°F) 
Propane - 35<A.5^L (35^/gaT) 

(2) Electric Power 

Gould pump 7£ h.p. 
Other pumps 

Mixer, etc. \i h.p. 
Electricity l.lc/Kw-hr 

(3) Cartridge Fi Iter 

1 medium/week 

Fi 1 ter med ium $1 .75 

(4) Chemical (Acid/Base) Nil 

Membrane cleaning 

TOTAL 


3.50 

2.^5 

0.3*+ 
0.006 



1.50 

<0.3^ 
0.006 


$6.30 


<$1.85 



Basis: k$k0 L (1000 Imp. gal.) of Permeate. 

Average Permeate Production Rate = 0.038 L/s (0.5 Igpm or 720 Igpd) 

Total Operating Time Required = 33-3 hr. 

* Costs in )S7h dollars. 
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